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Abstract 
Evolutionary biology seeks to understand the processes driving genetic diversity within species and 
phylogenetic divergence among species.  Patterns of diversity may be dictated by both abiotic factors 
and community interactions.  My dissertation research focuses on the processes that influence 
diversity and divergence in prairie dogs across spatial and temporal scales. At the macroevolutionary 
scale, habitat constraints influencing metabolism, reproductive period and growth rate may act as 
selective agents.  Gunnison’s prairie dogs (Cynomys gunnisoni) have been proposed to exist as two 
subspecies that occupy distinct habitats and are morphologically distinct in portions of their range. 
Using complementary approaches of phylogenetic analysis, genetic clustering, and spatial analysis of 
environment, I examine the contributions of different ecological selection pressures to genetic 
diversity of Gunnison’s prairie dogs throughout their range.  I find that elevation and temperature 
determine the distribution of two unique lineages of Gunnison’s prairie dogs, and that plant 
communities differ between habitats occupied by each subspecies. At the local scale, landscape 
connectivity may interact with susceptibility to pathogens to influence population structure, 
particularly in social species such as prairie dogs. Although some land cover types, such as intense 
urbanization and water bodies, prevent dispersal across them, prairie dogs can travel across multiple 
land cover types such as grassland, shrubland and agricultural fields.  Moreover, although large 
highways act as dispersal barriers, small roads can actually facilitate prairie dog dispersal, particularly 
across water bodies.  Pathogen susceptibility is likely to influence genetic structure because prairie 
dogs suffer approximately 99% mortality during plague outbreaks. In Boulder County, re-
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colonization by black-tailed prairie dogs (C. ludovicianus) occurred 1 – 3 years after extirpation in well-
connected colonies. Genetic diversity within the metapopulation was retained.  Within some well-
connected populations colonized by multiple source populations, genetic variation was maintained 
or increased, but diversity was lost in some isolated populations. Finally, individuals in recolonized 
populations had significantly higher heterozygosity than those present before plague.  This 
dissertation will contribute to our understanding of the abiotic and biotic mechanisms of 
diversification in social species. 
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Chapter 1: Introduction   
 
 Throughout its history, evolutionary biology has sought the goal of elucidating the processes 
that drive diversity within and among species (e.g., Darwin 1859; Hutchinson 1959).  Since the 
rediscovery of Mendelian genetics (e.g., de Vries, Stamhuis et al. 1999) and its integration with 
Darwin’s theory of natural selection (together coined the “evolutionary synthesis”), followed by the 
advent of molecular methods (e.g., allozyme markers, polymerase chain reaction, and DNA 
sequencing), scientists have become equipped to address the ways in which genetic diversity is 
distributed within species, and the causes and consequences of diversity.  Recent advances in 
coalescent theory (Kingman 1982; Donnelly and Tavare 1995) and computing power have allowed 
us to reconstruct the evolution of various types of genes and gain a greater understanding of both 
shared diversity and divergence among species.  These combined tools provide an opportunity to 
determine how genetic diversity within species contributes to genetic diversity among species, 
leading to the phylogenetic diversity of life on earth. 
 Some diversity is thought to be neutral (Kimura 1968; Ohta 1992), driven by stochastic 
processes such as genetic drift (Wright 1931) and allopatric speciation via the accumulation of 
neutral differences (Mayr 1954).  Under the assumptions of neutrality, species divergence occurs 
over long periods of time in geographic separation, a paradigm which attempts to explain the 
evolution of reproductive isolation between two similar species as a byproduct of an accumulation 
of changes throughout the genome (Dodd 1989).  Reproductive isolation is predicted to evolve 
more slowly under neutral processes than under strong divergent selection (Hendry et al. 2007).  On 
the other hand, neutral genetic processes such as polyploidy may lead to speciation due to genetic 
incompatibility; this speciation can happen within one generation (Rieseberg and Willis 2007).  Thus, 
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diversification of taxonomic groups can happen quickly (Palumbi 1994) even via neutral processes, 
or can take millions of years (Nei et al. 1983).   
 Other patterns of diversity are driven by adaptive processes such as predator avoidance 
(Nosil and Crespi 2006; Mullen et al. 2009; Rosenblum 2006), pathogen resistance (Hughes and Nei 
1988; Yang et al. 2011), and responses to distinct biotic and abiotic conditions in different 
environments (Grant and Grant 1995; Malmquist et al. 1992; Terai et al. 2006).  Adaptation to 
divergent conditions can explain both variation within species (Hendry et al. 2002; Seehausen et al. 
2008) and divergence among species (Nosil et al. 2002; Schluter and McPhail 1992).  Diversification 
can occur particularly quickly when genes favored in a certain environment also influence or are 
physically linked to those for mate choice (Hawthorne and Via 2001), but even in the absence of 
initial mate choice differences, we observe divergent selection pressures that influence 
morphological and behavioral traits or lead to reproductive isolation as a byproduct (Dodd 1989).   
 Divergent selection can come about through spatial variability in habitat conditions, both 
biotic and abiotic (Vantienderen 1991; Kooyers and Olsen 2012).  A species that encounters variable 
environments but is still constrained by environmental conditions (i.e., not a generalist) would 
therefore be a useful system in which to study which types of selection favor evolutionary 
divergence.  One such species is the Gunnison’s prairie dog (Cynomys gunnisoni), one of five species of 
prairie dogs in the Sciuridae family.  Prairie dogs are social, semi-fossorial rodents that require soil 
amenable to burrowing.  Because they are social, they are conspicuous to predators and have 
evolved an elaborate system of alarm calls to warn family and population members of approaching 
predators (Slobodchikoff et al. 1991, 1998; Waring 1970).  Prairie dogs live in grasslands of the 
western United States, southwestern Canada and northern Mexico.  They occupy colonies that 
comprise a number of family groups called coteries, which consist of one adult male and several 
related females and their offspring (Hoogland 1995).  Dispersal occurs primarily among coteries, but 
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also among colonies, and predation is thought to be high during dispersal (Garrett and Franklin 
1988). 
 The five species are social to varying degrees, with black-tailed prairie dogs (C. ludovicianus) 
being the most social and forming large, densely aggregated colonies (Hoogland 1981, 1995), and 
Gunnison’s prairie dogs the least social and found at densities similar to those of ancestral ground 
squirrels (Longhurst 1944; Pizzimenti and Hoffman 1973).  Black-tailed prairie dogs may be the 
most social species because of their higher vulnerability to predation owing to their habit of clipping 
all uneaten vegetation in their colonies (Hoogland 1981).  Because they are so dependent on their 
ability to scan for predators, they are found only in open grasslands (historically shortgrass and 
tallgrass prairie) at low to mid elevations with little to no slope (Merriam 1901).  In contrast, 
Gunnison’s prairie dogs are found from 1,800 to 3,000 meters (Pizzimenti and Hoffman 1973) and 
occupy a diverse array of habitats with complex vegetation structure, from cholla-dominated desert 
to high montane meadows (Pizzimenti and Hoffman 1973; Fitzgerald et al. 1994).  Gunnison’s 
prairie dog alarm calls vary depending on habitat (Perla and Slobodchikoff 2002), possibly due to the 
way sound travels through different vegetation structure. 
 Gunnison’s prairie dogs’ distribution in starkly different habitats (“montane” and “prairie,” 
USFWS 2008) is well documented, but little is known about their degree of evolutionary divergence.  
As a result of their distinct habitats and behavioral (Renner 2003) and morphological (Hollister 
1916) variation among populations, scientists have historically recognized of two distinct subspecies 
(Hollister 1916; Aldous 1935; Longhurst 1944; Lechleitner 1969; Pizzimenti and Hoffman 1973). 
However, what is unknown is the extent to which selective differences in abiotic conditions and 
habitat structure contribute to the early stages of genetic differentiation that may ultimately lead to 
evolutionary divergence. Plant community structure may be important to prairie dog divergence if it 
influences the way sound from mating calls travels through the habitat (Boughman 2002; Perla and 
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Slobodchikoff 2002).  In addition, mate choice in prairie dogs is related to size, where females prefer 
larger males.  Individuals of C. g. zuniensis are larger (Hollister 1916), and low-elevation sites have 
longer growing seasons during which males can forage to sustain body mass; thus, elevation and 
forage availability may play a role in divergence.  Temperature may play a role in evolutionary 
divergence of prairie dogs because the timing of estrus is related to the date of emergence from 
hibernation, which varies by elevation (Longhurst 1944).  Thus, dispersing male prairie dogs from 
lower to higher elevations could potentially mate with resident females if they arrived as females 
were emerging from hibernation; conversely, dispersing males from higher to lower elevations would 
miss the breeding season and be unable to reproduce.  These ecological conditions may interact to 
facilitate divergence in prairie dogs, and habitat differences throughout the range of Gunnison’s 
prairie dogs have long been proposed but never quantified.  The second chapter of this dissertation 
examines functional differences in climatic conditions and vegetation structure between subspecies, 
and uses ecological information to explain genetic differences within Gunnison’s prairie dogs.  
Because the first steps in assessing evolutionary divergence are estimating genetic differentiation and 
identifying ecological conditions favoring differentiation, this chapter provides a foundation for 
future experimental research on mechanisms of divergence between subspecies. 
 In addition to climate and other abiotic conditions, some of the primary forces of natural 
selection in animals are interactions with other organisms, including competition (Vellend 2008), 
predation (Dingemanse et al. 2009) and parasitism (Haldane 1949), which favor adaptations for 
enhanced competitive ability and predator and parasite avoidance.  The relative importance of 
adaptation to parasites in driving evolution is unknown, although it is believed that diversity in 
disease-resistance loci (such as the major histocompatibility complex in mammals) is due to 
pathogen presence (Hughes and Nei 1988; Yang et al. 2011).  Genetic diversity in response to 
parasitism has been shown to decrease due to population bottlenecks (Trudeau 2004), but also may 
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increase due to the release from competition caused by extirpations and an influx of diversity from 
multiple source populations (Sackett et al., in review).  Parasitism is thought to be of fundamental 
importance to the evolution of animals (Haldane 1949; Hamilton 1982). 
 Social animals are predicted to be particularly susceptible to parasitism because of the high 
transmission potential associated with group living (Alexander 1974; Hoogland 1979).  For instance, 
primate species with higher population densities have higher parasitism than those with smaller 
group size (Nunn et al. 2003).  Thus, social animals provide useful systems for determining the 
evolutionary effects of parasitism on host genetic diversity.  Black-tailed prairie dogs are one of the 
historically most numerous social mammals in North America; for example, one large colony in 
Texas was estimated in the early 1900s to contain 400 million prairie dogs (Merriam 1901).  Today, 
as a result of eradication campaigns, land conversion to agriculture and urban areas, and the 
introduction of sylvatic plague, the occupied range of prairie dogs has plummeted to less than 1% of 
its historic size (Miller and Cully 2001).  However, they still exist in often densely populated colonies 
with high rates of interaction among individuals (Hoogland 1995). 
 Prairie dogs, like most mammals, are known to harbor a number of pathogens with varying 
degrees of virulence, including Yersinia pestis, the bacterium causing sylvatic plague. Y. pestis is a gram-
negative gamma-proteobacterium that infects almost all mammals (including humans), and its effects 
are particularly severe in prairie dogs. Prairie dog mortality from plague approaches 99% (Pauli et al. 
2006; Cully et al. 1997; Biggins et al. 2010).  The pathogen is transmitted by fleas (Siphonaptera), 
which prairie dogs may harbor in high numbers (e.g., over 200 on some animals; personal 
observation).  Y. pestis was introduced to western North America from Asia around 1900 by the 
transport of Rattus on ships (Cully et al. 2000).  Once Y. pestis is endemic within a region, prairie dog 
colonies experience metapopulation dynamics (Antolin et al. 2006) with migration (Sackett et al. 
2012), periodic local extirpations due to plague (Cully and Williams 2001), and subsequent 
 6 
recolonization (Roach et al. 2001).  Because plague causes colony extirpation that is often, but not 
always, followed by recolonization, the disease is expected to have consequences on the distribution 
of genetic variation within and among colonies.  In the third chapter of this dissertation, I 
investigate the influence of this recently introduced pathogen on patterns of diversity in a 
metapopulation of black-tailed prairie dogs.  
 Despite the widespread extirpations caused by Y. pestis and the numerical prevalence of other 
less virulent pathogens, little is known about how pathogens travel among populations.  Predicting 
potential outbreaks and inferring the spread of pathogens is difficult, but can be aided by an 
improved understanding of dispersal of prairie dog hosts.  The complex landscapes that exist today 
present challenges to dispersing animals that confront highways, agricultural fields and other novel 
barriers.  Numerous anthropogenic barriers have been documented in various species (Beneteau et 
al. 2009; Blake et al. 2008; Coulon et al. 2006; Goverde et al. 2002; Levy et al. 2010; Pavlacky et al. 
2009; Telles et al. 2007).  Thus, determining how certain species respond to particular landscapes is 
essential to understanding patterns of pathogen spread, the degree of genetic diversity in localized 
populations, the relative importance of selection and genetic drift, and the evolutionary potential of 
the species.  The objective of the fourth chapter of this dissertation is to use our knowledge of the 
distribution of genetic diversity and landscape features to predict how well black-tailed prairie dogs 
are able to disperse through certain habitat types.  This information can be used to designate 
migration corridors in conservation, predict and prevent plague outbreaks, and manage relocation of 
particular populations. 
 The goal of this dissertation is to describe the processes that produce and maintain diversity 
within and among species, using prairie dogs as a study system.  At the broad phylogenetic scale, I 
hypothesize that abiotic conditions and habitat are important determinants of the selection pressures 
exerted on species, with resulting morphological and behavioral adaptations that vary by habitat.  
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These adaptations are likely to translate into genetic divergence among species, particularly when 
coupled with divergent selection on mate choice (Rundle et al. 2005) or selection against immigrants 
(Nosil et al. 2005).  At lower phylogenetic scales (such as within species), I hypothesize that 
parasitism influences the distribution of genetic diversity due to the interaction of landscape features 
with individual behavior, such as dispersal patterns among populations and territoriality.  These two 
major questions are examined in one species expected to be limited by habitat selection pressures 
(Gunnison’s prairie dog), and one species that is limited by repeated extirpations by a virulent 
pathogen (black-tailed prairie dog).  In Gunnison’s prairie dogs, I find that genetic structure 
correlates with elevation and annual temperature variation, but not precipitation.  There is genetic 
evidence for subspecies of Gunnison’s prairie dogs, but lineages exchange gene flow and are thus 
not yet reproductively isolated.  In black-tailed prairie dogs, I find that the virulent pathogen Yersinia 
pestis alters the distribution of genetic diversity within colonies and individuals, with well-connected 
colonies experiencing an influx of diversity and others experiencing a precipitous decline in diversity.  
Of particular importance is the result that Y. pestis selectively eliminates individuals with the lowest 
degree of genetic diversity.  Prairie dogs travel among colonies using primarily grassland, agricultural 
fields and shrubland; major roads act as barriers to dispersal.  However, small roads appear to 
facilitate dispersal across impervious land such as waterways.  Plague may travel among colonies 
using the same routes when trafficked by prairie dogs themselves, but more work is needed to 
determine alternate routes of plague movement.  This research contributes to our understanding of 
the processes governing the distribution of genetic diversity within and among species. 
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Chapter 2:  Diversification of Gunnison’s Prairie Dogs Across Their Range 
 
Abstract 
Our knowledge of ecological speciation has improved markedly in recent years, but we still lack a 
broad understanding of the selective forces that favor evolutionary divergence.  For instance, it is 
unknown to what degree divergent adaptation to biotic factors, such as selection for crypsis in 
predator avoidance, is more important than adaptation to abiotic factors, such as temperature 
regime.  In this chapter, I examine the degree of ecological and genetic divergence between 
proposed subspecies of Gunnison’s prairie dogs (Cynomys gunnisoni) that occupy distinct habitats 
ranging from desert to montane grasslands.  I quantified ecological characteristics including climate 
and land cover at 48 sampling locations, and genotyped 838 prairie dogs at 15 microsatellite and two 
mitochondrial loci.  I found high support for recognition of two subspecies of Gunnison’s prairie 
dogs, one of which was found only in cold, high elevation sites. Despite the association between 
genotype and environment, I observed several colonies along the subspecies boundary that 
contained genotypes from both subspecies.  It may be the case that Gunnison’s prairie dogs are in 
the early stages of speciation, where local adaptation is occurring, but gene flow has not yet 
subsided.  Further studies of adaptation, including those that perform reciprocal transplants, are 
needed to assess the degree of reproductive isolation between subspecies. 
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Introduction 
 Our understanding of ecological divergence has improved greatly in the last several years 
(Schluter 2001; Nosil et al. 2009; Hendry et al. 2007; Rundle and Nosil 2005), and has been 
documented in numerous systems (e.g., Mullen and Hoekstra 2008; Bush 1969; Losos et al. 1997; 
Johnson et al. 1998).  Due to the existence of intraspecific variation in nature (Darwin 1859) and 
fine-scale heterogeneity of abiotic conditions (Stratton 1994; Baraloto and Couteron 2010), divergent 
selection likely exists ubiquitously at small scales (e.g., Funk et al. 2006; Nosil and Crespi 2006; Terai 
et al. 2006; Tobler et al. 2008).  However, divergence often takes thousands of generations or does 
not occur at all. The quickest route to speciation involves a response to ecological selection that is 
linked to mate preference or reproductive isolation (Kirkpatrick and Ravigné 2002).  Still, even in the 
absence of initial mate choice differences, we observe divergent selection pressures that influence 
morphological and behavioral traits or lead to reproductive isolation as a byproduct (Dodd 1989).  
The question thus emerges of which ecological conditions facilitate speciation. 
 The ecological speciation literature has made much progress on elucidating responses to 
selection at the genomic level (Nosil et al. 2009; Emelianov et al. 2004; Nosil and Feder 2012; Via 
and West 2008), and our theoretical understanding of the evolutionary conditions promoting 
divergence has vastly improved (Gavrilets 2003).  For instance, speciation tends to be favored under 
conditions, among other things, of very strong divergent selection (Nosil et al. 2009).  However, we 
possess little empirical evidence relating ecology to the theoretical conditions favoring divergence.  It 
is unknown, for example, what types of selection pressures are most likely to lead to evolutionary 
divergence (Schluter 2001).  For instance, are species interactions such as predator avoidance and 
pollinator shifts particularly important (Langerhans et al. 2007; Duffy et al. 2008; Rosenblum, van 
der Niet and Johnson 2009), or is divergent local adaptation to micro-climate more effective (Keller 
and Seehausen 2012)? 
 10 
 Spatial variability in habitat conditions—both biotic and abiotic—exists for many species 
and can lead to fluctuating selection (Vantienderen 1991; Kooyers and Olsen 2012).  A species that 
encounters variable environments but is still constrained by environmental conditions (i.e., not a 
generalist) would therefore be a useful system in which to study which types of selection favor 
divergence.  One such species is the Gunnison’s prairie dog (Cynomys gunnisoni), one of five species of 
prairie dogs in the Sciuridae family.  Prairie dogs are social, semi-fossorial rodents that require soil 
amenable to burrowing.  Because they are social, they are conspicuous to predators and have 
evolved an elaborate system of alarm calls to warn family and population members of approaching 
predators (Hoogland 1983; Slobodchikoff et al. 1991).  Alarm calls vary by species (Waring 1970) 
and habitat (likely due to the way sound travels through different vegetation structure; Perla and 
Slobodchikoff 2002).  
 Gunnison’s prairie dogs’ distribution in starkly different habitats (“montane” and “prairie,” 
USFWS 2008) is well documented, but little is known about their degree of evolutionary divergence.  
As a result of their distinct habitats and behavioral (Renner 2003) and morphological (Hollister 
1916) variation among populations, scientists have historically recognized of two distinct subspecies 
(Hollister 1916; Aldous 1935; Longhurst 1944; Lechleitner 1969; Pizzimenti and Hoffman 1973), but 
official recognition of subspecies was abandoned with genetic work demonstrating a lack of 
polymorphism in chromosome number and 4 serum proteins (Pizzimenti 1975).  There are 
geographical differences in both alarm calls (Slobodchikoff et al. 1998) and morphology (Pizzimenti 
1976a) that are linked to habitat structure; both vocalizations (alarm calls) and morphological crypsis 
are of paramount importance in avoidance of predators. However, it remains unknown whether 
these differences in behavior and morphology translate into evolutionary divergence.  Previous 
studies have found conflicting results on genetic differentiation (Hafner 2005; Pizzimenti 1975), but 
none have used multiple types of markers or examined divergence in an evolutionary framework.  
 11 
The goal of this study is to examine the extent to which differences in abiotic conditions and habitat 
structure contribute to evolutionary divergence, manifested by genetic differentiation, in Gunnison’s 
prairie dogs. 
 
Methods 
Study locat ions and sample co l l e c t ion   
Data were collected from 48 sites in New Mexico, Colorado, Arizona and Utah from 2008 – 
2010 (Fig. 2.1, Table 2.1).  My goal was to obtain samples from throughout the range of GUPD, 
with particularly high sampling effort in the geographical region where both subspecies exist.  Prairie 
dogs were trapped by myself and collaborators in 39 of those sites, and tissue samples were collected 
from animals in a relocation holding facility from six additional colonies. Tissues were also obtained 
from one control effort, and samples from two sites were obtained from animals killed on roads.  
Due to geographic uniqueness (PEFO) and lack of support for their belonging to a sampled colony 
(RM), these samples were treated as originating from unique colonies.  At each of the 39 trapped 
colonies, 24-68 Tomahawk traps were set and pre-baited with a corn-oat-barley mixture for at least 
five days with the traps held open, and each day after trapping concluded.  After pre-baiting, traps 
were baited, set, and left for no more than 2 hours at a time. Prairie dogs were trapped for 1 – 2 
weeks at each site by targeting active burrows with one to four traps (Hoogland 1995).   
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Figure 2.1. Sampling locations of Gunnison’s prairie dogs across both portions of their range 
(montane = northeast section, prairie = southwest section).  Subspecies range designations are based 
on elevation-based delineation from the U.S. Fish and Wildlife Service. 
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Table 2.1. Colony names, samples sizes, and location information for 48 sampling locations.  
Asterisks indicate admixed populations.  
 
Colony N Elev(m) Latitude Longitude 
ABVY 30 1582 35.44690222 -113.07662043 
ESPE 30 1704 35.81479769 -112.56231371 
RSF 3 2053 35.09731000 -111.68130000 
PEFO 1 1663 34.96258000 -109.79403000 
HUTR 25 1935 35.70825864 -109.55686639 
BLS 7 2112 34.15812000 -109.30601000 
ELMA 24 2025 34.97996276 -107.80529096 
HOVE 21 1617 37.38067743 -109.52543323 
CT2CC 35 1795 37.32686400 -108.62122500 
C2MS 2 1822 37.31004918 -108.60458000 
CRL 25 2076 38.29940341 -109.25172796 
HMSW 11 2347 37.97871634 -108.44975469 
DCB* 22 2012 38.03977929 -108.55449892 
DGO 17 2010 35.44690222 -113.07662043 
NFF 2 1918 36.50235000 -108.23574000 
SSLM 25 1884 35.66269000 -107.07092000 
SYWS 23 1666 35.53308000 -106.78559000 
DUTS 25 2069 36.94589000 -107.01632000 
WSCM 25 2172 36.03221000 -107.08239000 
BBM 25 2477 35.97913000 -106.87738000 
VADO 27 2121 36.61410000 -106.74035000 
FUEN 25 2544 36.23647000 -106.68417000 
HLSP 3 2255 36.75033000 -106.58382000 
SFNF 15 2279 36.40094000 -106.97304000 
CBAR 25 2326 36.53127000 -106.48307000 
VCNP 24 2613 35.88247356 -106.48795164 
SAND 1 1713 35.46654000 -106.31748000 
AGFP 15 2011 35.65953847 -106.02468124 
WHR 4 1631 35.05807000 -106.56342000 
JJD 3 1810 35.13052000 -106.49680000 
LAN 10 1811 35.12993000 -106.49648000 
LLU 10 1480 34.80261100 -106.74791100 
PCN 4 1632 35.06345000 -106.56585000 
BOF 10 1485 34.86170600 -106.69146100 
C. g .  zuniens i s   (34 populations) 554  
TESW 16 2664 37.94497156 -107.83391243 
RM 2 2664 37.94497156 -107.83391243 
SAM* 1 2669 36.85083000 -106.06828000 
ENSP* 25 2509 36.49235000 -105.27218000 
BLFB 29 2631 36.32635000 -105.28148000 
TPRR* 22 2504 36.73654000 -105.98047000 
PSLV 30 2392 37.83310582 -106.26744545 
DN 24 2418 37.67087596 -106.37984352 
ERPD 45 2483 38.66916274 -106.96134016 
GBTT 22 2367 38.54364822 -106.88965066 
GCR 16 2337 38.50703655 -107.02629875 
BG 8 2536 38.56174108 -106.85981616 
BVSE 29 2383 38.78449772 -106.09599958 
EMSP 15 2661 38.92843400 -105.52093500 
C. g .  gunnison i   (14 populations) 284  
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Prairie dog trapping and processing were conducted in accordance with protocols approved 
by the University of Colorado’s Institutional Animal Care and Use Committee and are described in 
detail therein (available upon request).  Captured prairie dogs were anesthetized with 1 – 4% 
isoflurane in oxygen using a vaporizer to control the dosage (Heath et al. 1997).  Processing involved 
collection of tissue for DNA and collection of blood for pathogen screening.  Tissue for DNA 
analysis was collected using a 2-mm diameter ear punch (Braintree Scientific) and stored frozen in a 
solution of EDTA-DMSO until extraction.  After processing, animals were placed back into the 
traps until the anesthesia wore off and they became alert, at which time they were returned to their 
capture locations. 
 
Ecologi ca l  analyses    
 Ecological characteristics of all colonies were analyzed using ArcGIS version 10 (ESRI, 
Redlands, CA).  Land cover data were obtained from the GAP land cover database (USGS 2011) 
and climate data were obtained from the Worldclim database (Hijmans et al. 2005).  All site locations 
were confirmed using Google Earth to ensure that data extracted in ArcMap corresponded to the 
actual sampling locations.  I compared ecological characteristics between subspecies using a revised 
delineation based on the observed geographic distribution of genetic diversity (see results and 
discussion). First, I performed an ANOVA to detect differences in elevation between subspecies.  I 
then created matrixes of pairwise elevation differences among all colonies and compared those to 
genetic distance matrixes using a partial Mantel test (to control for the effects of geographic 
distance) implemented in the Vegan package (Oksanen et al. 2010) for R (The R Foundation for 
Statistical Computing, http://www.r-project.org/).  After classifying all sites using 19 bioclim 
variables, these were condensed along with elevation in a Principal Components Analysis using the 
ade4 package (Dray and Dufour 2007; Chessel et al. 2004) for R.  I performed a randomization test 
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in the ade4 package to assess whether subspecies differed significantly on principal components, and 
confirmed this with an ANOVA on axis scores for the first two principal components.  I 
subsequently performed ANOVAs on each temperature variable separately to determine the 
significance of each, comparing between subspecies. Finally, I tested for associations between 
subspecies and land cover type with a chi-square test.  I repeated this test for three hierarchical 
classifications of land cover provided in the GAP database.   
 
Phylogenet i c  and populat ion genet i c  analyses   
DNA from prairie dogs was extracted using a Qiagen DNeasy tissue kit, and 838 individuals 
were genotyped at 15 microsatellite loci developed in our lab (Jones et al. 2005, Sackett et al. 2009) 
and two mitochondrial genes, cytochrome b (primers modified from Harrison et al. 2003) and d-
loop (Oshida et al. 2001).  The program jModelTest (Posada 2008; Guindon and Gascuel 2003) was 
used to determine the mutation model of each mitochondrial gene.  Microsatellite loci were 
examined for null alleles in the program Micro-checker (van Oosterhout et al. 2004).  I tested all 
colonies for departures form Hardy-Weinberg equilibrium and examined linkage disequilibrium 
(LD) in each colony using Genepop software (Rousset 2008).  
I used mtDNA to infer tree topology among lineages of Gunnison’s prairie dogs using 
Bayesian methods implemented in MrBayes (Huelsenbeck and Ronquist 2001).  I first concatenated 
cytochrome b and d-loop sequences, and then condensed the dataset into unique haplotypes using 
MacClade version 4.08 (Maddison and Maddison 2003). This resulted in an analysis of 150 unique 
haplotypes belonging to Gunnison’s prairie dogs, in addition to 5 white-tailed prairie dog (C. leucurus) 
outgroup haplotypes from samples collected for a separate study. I allowed genes to evolve 
independently, with different mutation rates and models, and partitioned codons to allow a higher 
mutation rate at the third codon position.  I examined the degree of genetic differentiation among 
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lineages at both mtDNA and microsatellite markers by pooling all individuals within clades and 
within subspecies.  Differentiation was calculated for microsatellites using FST in Genepop Version 
4.0 (Rousset 2008) and subsequently standardized in Genodive (Meirmans and Van Tienderen 2004) 
to prevent confounding diversity and differentiation (Hedrick 2005) and to control for unequal 
sample sizes.  For mtDNA, FST was calculated in Arlequin version 3.1 (Excoffier et al. 2005).  Next, 
I tested whether differentiation was significantly higher between some clades than others by 
performing an ANOVA in R. 
To determine whether there was genetic support for distinct subspecies, I analyzed 
microsatellite genotypes using Structure software (Pritchard et al. 2000) and allowed K to vary from 
1 to 9 (an upper bound much greater than the expected number of subspecies).  I then assessed the 
relative support for each value of K using raw likelihood values and the change in likelihood with 
each increase in K (Evanno et al. 2005). I performed a series of analyses of molecular variance 
(AMOVAs) on 1) microsatellite allele identity, 2) microsatellite repeat number, and 3) mtDNA 
(using d-loop concatenated with cytochrome b) in Arlequin (Excoffier et al. 2005) to determine how 
genetic diversity was distributed within and between proposed subspecies. AMOVAs were then 
repeated with the revised subspecies delineation (see results and discussion).  Next, in order to 
maximize the amount of variation between subspecies and thus determine the best-supported 
subspecies delineation, I repeated each AMOVA by moving one, two or three admixed colonies at a 
time between subspecies. The subspecies delineation that maximized the amount of variation 
between subspecies was selected for subsequent genetic and ecological comparisons.   
 Next, I assessed genetic composition of colonies within each subspecies using a principal 
components analysis (PCA) of genotypes across the 15 microsatellite loci, performed in the ade4 
package for R.  Because PCA is sensitive to missing data (e.g., it infers that individuals with missing 
data at the same locus are genetically similar), I removed all individuals with fewer than 50% of loci 
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genotyped (N=44).  I then used the ade4 package to assess statistical significance of the 
differentiation between 1) the currently recognized subspecies and 2) the proposed revised 
subspecies (see results) by performing 10,000 permutations for each population grouping.  Finally, I 
used the observed geographic distribution of microsatellite and mitochondrial diversity to revise the 
geographic delineation between subspecies.  
Average pairwise differentiation among colonies was estimated by calculating FST as above, 
but by separating individuals into colonies rather than pooling them within clades/subspecies.  I 
then used Arlequin to estimate the effective number of migrants (Nm) among colonies and between 
subspecies (Slatkin 1995).  I determined the degree of isolation by distance using a Mantel test on 
the relationship between 1) linearized FST values for microsatellites, and 2) raw FST values for 
mtDNA on the log of geographic distance.  I then compared the amount of pairwise differentiation 
between colonies within subspecies and between subspecies using unpaired tests for differences in 
means: for microsatellite FST values, which were normally distributed, I used a t-test, and for 
mtDNA FST values I used a Wilcoxon non-parametric test. Finally, I assessed overall differentiation 
between subspecies by estimating FST after pooling all individuals within subspecies.    
 
Results   
 In total, I sampled 838 individuals from 48 colonies (mean = 17.5 per colony) for inclusion 
in the rangewide analysis (Fig. 2.1).  Sites occurred at elevations ranging from 1480 meters to 2669 
meters above sea level and comprised 34 colonies from C. g. zuniensis and 14 colonies from C. g. 
gunnisoni.  
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Ecologi ca l  var iat ion    
 Ecological comparisons were first made between the previously recognized subspecies 
(USFWS 2008) and subsequently between the revised subspecies delineated based on genetic data 
(see below).  With the exception of elevation and one temperature measure, ecological differences 
were always greater between the revised subspecies (data reported here) than the currently 
recognized subspecies (data not shown).  Colonies of the two subspecies were found at significantly 
different elevations (mean zuniensis = 1962m, mean gunnisoni = 2507m, F=42.26, p << 0.001; Fig. 
2.2), and there was isolation-by-elevation even when controlling for geographic distance 
(microsatellites: r=0.2125, p=0.001; mtDNA: r=0.1257, p=0.009).  Accordingly, colonies of C. g. 
gunnisoni were found in significantly colder sites than colonies of C. g. zuniensis.  The principal 
components analysis of bioclim variables separated climatic data into axes largely corresponding to 
elevation, mean, and extreme precipitation and temperature measures (PC axis 1) and temperature 
variation measures (PC axis 2).  The randomization test demonstrated that subspecies differed 
significantly in the climate of their habitats (p<<0.001), and this was confirmed using ANOVAs to 
examine the difference between subspecies on PC axis 1 (p<<0.001) and PC axis 2 (p=0.0188).  
Individual ANOVAs demonstrated that 9 of the 19 bioclim variables differed significantly between 
subspecies (Fig. 2.3); all nine were temperature-related measures.  Subspecies were strongly 
divergent, for instance, in annual mean temperature (C. g. gunnisoni = 4.00°C, C. g. zuniensis = 9.37°C, 
F=51.11, p << 0.001) and minimum winter temperature (C. g. gunnisoni = -17.32°C, C. g. zuniensis = -
9.85°C, F=56.74, p << 0.001; Fig. 2.3a). 
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Figure 2.2  Distribution of elevation of sites occupied by C. g. zuniensis (solid orange bars) and C. g. 
gunnisoni (hashed blue bars). 
 
 
Figure 2.3 Plots of GUPD sites across 4 temperature variables from the Worldclim database: a) 
Mean annual temperature and mean temperature of the coldest month; b) Mean temperature of 
coldest and warmest quarters. 
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 Land cover was significantly associated with subspecies identity, with the revised subspecies 
delineation, at three levels of hierarchical classification.  At the coarsest scale, land cover in the range 
of GUPD was classified as either forest/woodland, grassland/shrubland, or semi-desert.  Colonies 
of C. g. gunnisoni were found more often, and C. g. zuniensis found less often, in grassland/shrubland 
than expected by chance (χ2= 7.88, p < 0.025).  After dividing each land cover type into sub-
classifications two times, the association between land cover and subspecies persisted.  At the 
intermediate classification, C. g. gunnisoni colonies were found more often in ‘Western North 
American grassland/shrubland’ and less often in ‘Western North American cool temperate 
woodland and scrub’ than expected by chance (χ2= 10.23, p < 0.05).   Finally, at the finest 
classification scale, C. g. gunnisoni colonies were found more often than expected in ‘Southern Rocky 
Mountain montane grassland and shrubland’ and less often than expected in ‘Rocky Mountain Two-
needle piñon-juniper woodland’ (χ2= 16.88, p = 0.051). 
 
Phylogenet i c  and populat ion genet i c  analys is    
 Cytochrome b best fit the simple HKY + gamma mutation model including invariant sites, 
and d-loop best fit the GTR + gamma mutation model.  All colonies except ERPD were found to 
be in Hardy-Weinberg equilibrium.  There was no evidence of null alleles or linkage disequilibrium 
between markers. 
 The Bayesian phylogenetic analysis resolved three monophyletic clades (Fig. 2.4).  One clade, 
hereafter the “montane” clade (denoted in dark blue), contained ten colonies of C. g. gunnisoni 
present in Colorado and four colonies of C. g. gunnisoni in New Mexico; the other two clades were 
more geographically widespread (Fig. 2.5).  The analysis was unable to resolve which clade was the 
most recently derived (shown by the relatively low posterior probability value of the node containing 
two lineages, and supported by the fact that separate trees resolved different topologies with respect 
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to the relationships among major clades). Two individuals (the HMSW01 haplotype) could not be 
placed in a clade (i.e., bootstrap support for placement of these individuals was extremely low), but 
usually fell within the C. g. zuniensis clade or the intermediate clade.  Removing these individuals from 
the analysis resulted in higher Bayesian support for nodes.  Nine colonies were considered admixed, 
with at least 25% of individuals possessing a haplotype from a different clade than the majority of 
individuals. Of these, four colonies (DCB, HMSW, WSCM and TPRR) were admixed with respect 
to C. g. gunnisoni and another clade.  One colony (HMSW) contained individuals from all three 
clades. Visualization of the distribution of the montane haplotype across the landscape shows a 
small zone where colonies contain haplotypes from both lineages (Fig 2.6, bright yellow) bordering 
its limited distribution, found primarily in Colorado. 
 
Figure 2.4 Bayesian phylogenetic tree based on analysis in MrBayes, with cytochrome b and d-loop 
concatenated but allowing different mutation rates and models for each locus.  Node labels are 
Bayesian posterior probabilities and are shown for major clades only.  HMSW01 (gray haplotype) 
was not consistently placed in any clade; support for the geographically intermediate clade was 
higher when this haplotype was excluded.  
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Figure 2.5  Mitochodrial haplotype composition of 48 populations.  Colors correspond to each of 
the three major lineages resolved in the Bayesian phylogenetic tree, with dark blue representing the 
montane clade. 
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Figure 2.6 Distribution of the montane mitochondrial haplotype through the range of GUPD, 
where dark blue represents the highest proportion (100%) of the montane haplotype, green and 
bright yellow are intermediate, and orange represents 0% proportion of the montane haplotype. 
 
 
 
 Differentiation was highest between C. g. gunnisoni and the intermediate clade (microsatellite 
FST=0.1067, mtDNA FST=0.8580); FST values were significantly higher than between other clades 
(microsatellite F = 52.315, p << 0.001; mtDNA F = 13.056, p << 0.001).  Patterns of 
differentiation between the other two clades varied between microsatellite and mtDNA: with 
microsatellites, differentiation was fairly high between C. g. gunnisoni and C. g. zuniensis (FST=0.084), 
and low between C. g. zuniensis and the intermediate clade (FST=0.026); however, with mtDNA, 
differentiation was higher between C. g. zuniensis and the intermediate clade (FST=0.7822) than 
between C. g. gunnisoni and C. g. zuniensis (FST=0.7523).  
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 The Structure analysis of microsatellite genotypes provided the highest degree of support for 
two major genotype clusters, which largely corresponded to the previously proposed subspecies (Fig. 
2.7).  However, six colonies thought to belong to the C. g. gunnisoni subspecies (VADO, CBAR, 
FUEN, BBM, VCNP and SYWS) clustered instead with C. g. zuniensis populations.  All ten Colorado 
colonies belonging to the montane cluster also belonged to the montane mitochondrial clade.  Four 
NM colonies (SAM, TPRR, BLFB and ENSP) and 3 CO colonies (DCB, HMSW and C2MS) were 
considered admixed because they contained individuals assigned to both clusters (Fig. 6). Of these, 
two colonies (SAM and C2MS) were represented by only one and two individuals, respectively. Four 
colonies (TPRR, ENSP, DCB and HMSW) contained individuals with both the montane and prairie 
mitochondrial clades.  All 7 of these admixed colonies were on the boundary between subspecies. 
 
Figure 2.7 Map of structure-inferred microsatellite clusters in each population for K=2. 
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 The initial AMOVA using microsatellite allele identity indicated that only 3.21% of the 
microsatellite variation was attributed to differences between subspecies, 24.72% among colonies, 
and 72.07% within colonies; similar results were obtained when using microsatellite repeat number 
(Table 2.3).  With mitochondrial data, 11.20% of the variation was apportioned to between-
subspecies differences, 65.37% among colonies, and 23.43% within colonies. However, when 
separating colonies into the new subspecies delineations (based initially on Structure clustering, Fig 
2.7), the AMOVA attributed more than twice as much variation to among-subspecies differences 
(7.35% for microsatellite allele size and 31.16% for mtDNA; Table 2.2).  Changing the groupings 1-
3 colonies at a time did not markedly increase the amount of variation attributed to among-
subspecies variation, with one exception: mtDNA supported grouping BLFB, on the boundary 
between subspecies (Fig 2.1), with C. g. zuniensis.  However, I chose to leave this colony in C. g. 
gunnisoni for three reasons: 1) this change also decreased the amount of among-species variation in 
microsatellites, 2) the ecological characteristics of this site were highly similar to other C. g. gunnisoni 
sites, and 3) the principal components analysis (see below) suggests this colony is genotypically more 
similar to C. g. gunnisoni. 
 
Table 2.2 Percentage of variation attributed to differences among subspecies, among colonies, and 
individuals.  All AMOVAs were conducted in Arlequin and significance was assessed by 
permutation test.  All were highly significant (p<0.001) except where noted by an asterisk (p<0.05). 
 
 
 
Microsatellite 
allele sizes 
Microsatellite 
repeat number 
mtDNA 
 Old New Old New Old New 
Among subspecies 3.21 7.35 4.21 9.05 11.20* 31.16 
Among colonies 24.72 22.35 24.40 21.65 65.37 48.28 
Among individuals 72.07 70.30 71.39 69.31 23.43 20.56 
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 The principal components analysis of genotypes recovered three distinct groups of colonies 
corresponding to the two subspecies and two outlier populations located within one kilometer of 
each other.  One of these populations (RM) consisted of two road kill animals, and the other 
comprised 16 individuals; both populations were characterized by unusually low genetic diversity 
(e.g., observed heterozygosity <0.2 and allelic richness <2, data not shown). Whether or not I 
included these populations in the PCA, our randomization tests demonstrated that the previously 
delineated subspecies were not significantly different (p>0.1) but that using the revised subspecies 
delineation, subspecies were genotypically distinct (p=0.009; Fig. 2.8).   
 
Figure 2.8 Principal Components Analysis (PCA) plot of genotype space across 15 loci, showing a) 
the originally described subspecies, and b) the revised subspecies delineation.  Populations originally 
belonging one subspecies that were more genetically similar to the other are labeled in part a). 
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 Pairwise FST values among colonies averaged 0.292 for microsatellites and 0.692 for mtDNA, 
and was higher between than within subspecies (p<<0.001 for microsatellites and mtDNA).  
Conversely, mean effective migration between colonies was higher within (microsatellite Nm=1.572, 
mtDNA Nm=0.377) than between subspecies (microsatellite Nm=0.430, p<<0.001; mtDNA 
Nm=0.120, p<<0.001). When pooling individuals within subspecies, the estimated number of 
effective migrants between subspecies per generation was 2.136 for microsatellite DNA and 0.970 
for mtDNA.  With microsatellite markers, a Mantel test indicated only marginally significant 
isolation by distance (r = 0.0929, p=0.087) across the range of Gunnison’s prairie dogs.  However, 
mtDNA showed significant isolation by distance (r = 0.2091, p = 0.001).  Differentiation between 
subspecies (with populations within each subspecies pooled) was significant (microsatellite FST = 
0.085, mtDNA FST = 0.3404, p<<0.001).  Pairwise sequence divergence between subspecies was 
1.07%. 
 
Discussion     
 I determined that Gunnison’s prairie dogs comprise ecologically and genetically distinct 
lineages, which correspond to a new proposed subspecies delineation (Fig 2.9).  Evidence from both 
mitochondrial and microsatellite DNA suggests that the GUPD in the montane region of their range 
in Colorado form a distinct group that also includes four admixed colonies in New Mexico.  These 
colonies, coinciding with C. g. gunnisoni, occur in starkly different environments and may represent a 
unique evolutionary trajectory within the species.  
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Figure 2.9 Maps of the range of each GUPD subspecies: left, the distribution originally proposed 
by USFWS, and right, the distribution proposed based on our genetic and ecological data. 
 
 
 
 
Ecologi ca l  var iat ion  
 Gunnison’s prairie dogs were found in distinct habitats that coincide with their revised 
designation as “montane” and “prairie” subspecies:  C. g. gunnisoni colonies existed at higher 
elevations and in colder sites than C. g. zuniensis.  Moreover, while C. g. zuniensis occurred in a variety 
of habitats ranging from semi-desert to piñon-juniper woodland, C. g. gunnisoni colonies were 
strongly associated with montane grasslands.  This suggests that the C. g. gunnisoni subspecies has 
become specialized to a high montane environment. 
 
Phylogenet i c  and populat ion genet i c  analys is   
 The Bayesian and spatial analyses revealed three spatially disparate mitochondrial clades, one 
of which was restricted in distribution and corresponded to the montane (C. g. gunnisoni) subspecies 
(Figs. 2.4-2.6).  Although my phylogenetic analysis was unable to resolve which clade was the most 
recently derived, the estimates of differentiation consistently showed the C. g. gunnisoni clade to be 
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the most distinct.  The population clustering algorithm implemented in Structure resolved two 
clusters that agreed with the revised subspecies designation (discussed below).  Furthermore, the 
principal components analysis and AMOVAs supported the separation of colonies into two major 
groups corresponding to the revised subspecies.  Collectively, the genetic results support two major 
findings: 1) there is strong evidence for the existence of distinct subspecies, and 2) the view of the 
subspecies delineation currently held (USFWS 2008) requires revision. 
 Most colonies belonged to a microsatellite cluster that corresponded with its mitochondrial 
clade (e.g., colonies in Arizona contained the C. g. zuniensis mitochondrial clade and belonged to the 
C. z. zuniensis microsatellite cluster).  In particular, colonies at the northeastern and southwestern 
range edges were unambiguously part of either the C. g. zuniensis (Arizona) or C. g. gunnisoni (eastern 
Colorado) clades.  However, with both microsatellite and mtDNA, we detected six colonies in the 
center of the species’ range that contained haplotypes and genotypes from both subspecies.  Of the 
six colonies that were admixed with respect to both microsatellite and mtDNA (DCB, HMSW, 
SAM, TPRR, BLFB and ENSP; Figs 2.5, 2.7), only one (SAM) fell in a different microsatellite 
cluster (i.e., montane) than its corresponding mitochondrial clade (i.e., prairie), and this colony 
consisted of only one sampled individual.  
 It is somewhat surprising that I did not detect significant isolation-by-distance in our 
microsatellite data, which encompasses colonies throughout the range of Gunnison’s prairie dogs.  
However, the detection of isolation-by-distance relies on the assumption of drift-migration 
equilibrium, which is unlikely to be true in prairie dogs, whose populations experience frequent local 
extinctions due to sylvatic plague.  The discrepancy between our microsatellite and mitochondrial 
data may lie in the smaller effective population size of the mitochondrial genome, or in the fact that 
prairie dogs exhibit sex-biased dispersal (Garrett and Franklin 1988).  Additional support for this 
 31 
reasoning arises from the significant geographic structure among regions in mtDNA (as 
demonstrated by the AMOVA) when compared to nuclear DNA. 
 
Revis ion o f  subspec ies  de l ineat ion  
 The previously defined subspecies of Gunnison’s prairie dogs were delineated based on 
historical descriptions of differences in morphology and habitat type (Hollister 1916; Pizzimenti and 
Hoffman 1973), as well as recently defined high-elevation versus low-elevation sites (USFWS 2008).  
In the present paper, I propose a revised subspecies delineation based on several lines of evidence 
from the observed ecological and genetic data.  First, the ANOVAs examining each temperature 
measure separately showed larger differences between revised than previously proposed subspecies 
in all but one case.  Second, the proportion of genetic variation attributed to between-subspecies 
differences (AMOVAs) was substantially higher with the revised than the previously proposed 
subspecies.  Third, the geographic distribution of mitochondrial clades and microsatellite genotype 
clusters demonstrate support for a unique montane subspecies that exists in a more restricted 
distribution than previously thought (namely, it is limited to Colorado and far northern New 
Mexico).  Fourth, genetic differentiation was highest between C. g. gunnisoni and the geographically 
intermediate clade, some colonies of which belonged to the previously designated montane 
subspecies.  Finally, the principal components analysis of genotypes did not detect significant 
differences between the previously defined subspecies, but did resolve significant differences 
between the revised subspecies.  Further work should confirm that morphological differences 
between subspecies persist with the revised designation. 
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Impli cat ions for  evo lut ionary divergence  o f  subspec ies   
 In addition to isolation-by-distance, I observed isolation-by-habitat (Wagner and McCune 
2009).  The mitochondrial clade (and microsatellite cluster) corresponding to C. g. gunnisoni was 
significantly associated with higher elevations and colder temperatures, even when controlling for 
the effects of geographic distance.  Abiotic habitat differences were paralleled by differences in plant 
communities between subspecies.  Plant community structure may be important to prairie dog 
divergence if it influences the way sound from mating calls travels through the habitat (Boughman 
2002; Perla and Schlobodchikoff 2002).  However, it is unlikely that consuming different species of 
vegetation plays a role in divergence because prairie dogs are diet generalists and tend to eat 
whatever forage is available (Pizzimenti and Hoffman 1973). Temperature may contribute to 
evolutionary divergence of prairie dogs because the timing of estrus is related to the date of 
emergence from hibernation (Hoogland 1997; 1998; personal communication), which varies by 
elevation (Longhurst 1944).   Thus, dispersing male prairie dogs from lower to higher elevations 
could potentially mate with resident females if they arrived as females were emerging from 
hibernation; conversely, dispersing males from higher to lower elevations would miss the breeding 
season and be unable to reproduce.  This leads to the prediction of asymmetrical gene flow from 
lower to higher elevations.  It is unknown whether C. g. gunnisoni individuals possess physiological 
adaptations for living at high elevations (e.g., altered hemoglobin properties) that may act, for 
instance, through reduced hybrid fitness, as barriers to gene flow.  
 The degree of sequence divergence between subspecies (1.07%) is analogous to the degree 
of differentiation at the same or similar loci between other currently recognized subspecies described 
within Sciuridae (Hoisington-Lopez et al. 2012; Wettstein et al. 1995), which supports their 
treatment as distinct subspecies.  The significant associations of subspecies with habitat further 
corroborate the recognition of unique subspecies of Gunnison’s prairie dogs.  Future work should 
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focus on determining whether local adaptation exists by characterizing genetic markers under 
selection, using genomic methods such as identifying outlier loci that show higher differentiation 
among habitats than found across the genome.  In addition, research should attempt to quantify the 
degree of adaptation to different habitats by performing reciprocal transplants of prairie dogs and 
estimating fitness of each subspecies in each environment.  This type of study could be coupled with 
ongoing management plans that relocate prairie dogs, by moving them from one habitat type to 
another and assessing fitness in each habitat type.  Our current understanding suggests that the two 
subspecies should be managed separately because of their unique habitats and degree of genetic 
differentiation. 
 In this system, the ecological factors driving local adaptation to divergent conditions are 
probably primarily abiotic.  There is no evidence of distinct predator communities between 
subspecies or unique diets in each habitat type, despite differences in plant communities.  
Reproductive isolation may be likely to occur in conjunction with habitat isolation due to physical 
limitations of dispersal, selection against immigrants (Nosil et al. 2005), timing of estrus (Hoogland 
1997; 1998) and physiological adaptations leading to reduced hybrid fitness, but seems unlikely to 
arise as a result of predator avoidance or food preference.  These hypotheses should be tested 
through reciprocal transplants in Gunnison’s prairie dogs, and in other mammalian species 
experiencing multiple divergent selection pressures. 
 
Conclusions 
 The present study is the most thorough examination of genetic divergence in Gunnison’s 
prairie dogs to date, and the first to quantitatively characterize habitat differences between 
subspecies.  Redefining the delimitation between subspecies of Gunnison’s prairie dog better 
encapsulates the ecological and genetic diversity of the species.  Although it has been argued that 
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subspecies are genetically indistinguishable (Pizzimenti 1975), this view of a monotypic subspecies is 
based on insufficient genetic evidence (i.e., four serum proteins, three of which are also 
monomorphic for the same alleles in white-tailed prairie dogs (C. leucurus), Pizzimenti 1976b).  
Several lines of evidence support that the subspecies should be treated distinctly:  1) There is a high 
degree of genetic divergence between subspecies, 2) genetic differentiation is higher between than 
within subspecies, and this is not an artifact of geographic distance, 3) the subspecies are 
morphologically distinct in size (Hollister 1916), 4) they occupy habitats that influence the degree of 
time spent hibernating, and the timing of emergence from hibernation, estrus and reproduction.  In 
order to best preserve the evolutionary processes acting within Gunnison’s prairie dogs, treatment of 
two unique subspecies is advised. 
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Chapter 3:  Does Sylvatic Plague Reduce Genetic Diversity in Black-Tailed Prairie Dogs? 
Variable Effects Across Scales  
 
Abstract 
Introduced diseases can cause dramatic declines in—and even the loss of—natural populations.  
Extirpations may be followed by low recolonization rates, leading to inbreeding and a loss of genetic 
variation, with consequences on population viability.  Conversely, extirpations may create vacant 
habitat patches that individuals from multiple source populations can colonize, potentially leading to 
an influx of variation.  I tested these alternative hypotheses by sampling 15 colonies in a prairie dog 
metapopulation during 7 years that encompassed an outbreak of sylvatic plague, providing the 
opportunity to monitor genetic diversity before, during and after the outbreak.  Analysis of 9 
microsatellite loci revealed that within the metapopulation, there was no change in diversity.  
However, within extirpated colonies, patterns varied:  In half of the colonies, genetic diversity after 
recovery was less than the pre-plague conditions, and in the other half, diversity was greater than the 
pre-plague conditions.  Finally, analysis of variation within individuals revealed that prairie dogs 
present in recolonized colonies had higher heterozygosity than those present before plague. 
Although most colonists were immigrants, we confirmed plague survivorship in 6 founders; these 
individuals had significantly higher heterozygosity than expected by chance.  Collectively, these 
results suggest that high immigration rates can maintain genetic variation at a regional scale despite 
simultaneous extirpations in spatially proximate populations.  Thus, virulent diseases may increase 
genetic diversity of host populations by creating vacant habitats that allow an influx of genetic 
diversity.  Furthermore, even highly virulent diseases may not eliminate individuals randomly; rather, 
they may act as selective forces that remove the most inbred individuals. 
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Introduction   
 Genetic variation is of fundamental importance to natural populations because it enables 
adaptation to novel conditions (Lavergne and Molofsky 2007), confers resistance to pathogens (de 
Bellocq et al. 2008), and protects against inbreeding depression (Reed and Frankham 2003).  The 
level of genetic diversity within a population reflects that combined forces of drift and selection 
acting on variation generated by mutation, recombination, and migration. Selection happens as a 
consequence of abiotic conditions and biotic interactions, including competition (Vellend 2008), 
predation (Dingemanse et al. 2009), parasitism (Lachish et al. 2011), and disease caused by 
pathogens (Hawley and Fleischer 2012).  
 Pathogens have long been recognized as potentially important influences on host 
evolutionary dynamics (Haldane 1949; Hamilton 1982).  The effects pathogens have on host genetic 
diversity (e.g., Trudeau et al. 2004) may vary, in part, depending on pathogen virulence (namely, the 
incidence of host mortality due to pathogens; Lenski and May 1994) and whether there are nearby 
populations that can serve as source areas for recolonization (Hoban et al. 2010; Teacher et al. 
2009).  At low and intermediate virulence, pathogens may increase adaptive genetic diversity of their 
host populations due to diversifying selection at resistance loci (Schulte et al. 2010).  In contrast, 
highly virulent pathogens can cause dramatic reductions in population size and population 
extirpation (Caillaud et al. 2006, Cully and Williams 2001). In populations with dramatic declines, the 
population bottleneck rapidly erodes genetic variation, thereby increasing inbreeding (Lachish et al. 
2011) and susceptibility to other pathogens (Spielman et al. 2004; Valsecchi et al. 2004), potentially 
leading to a positive feedback cycle.  
 The effect of pathogens on genetic variation will also vary depending on demographic 
connectivity of populations in a complex landscape, which likely influences both rates of local 
extinction (hereafter, “extirpation”) and recolonization.  Well-connected populations may have 
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higher probabilities of extirpation because pathogen spread is rapid (Hess 1996; Collinge et al. 2005), 
resulting in reduction of variation.  Alternatively, well-connected colonies may facilitate 
recolonization by migration from multiple populations (Fahrig and Merriam 1994), a situation that 
increases variation.  Less connected populations may have lower probabilities of disease incidence 
(Real and Biek 2007), but correspondingly fewer source populations for recolonization (Hanski 
1998). There are a number of possible scenarios depending on rates of colony extirpation by 
pathogens, rates of recolonization, and the number of possible source populations for 
recolonization. If, for instance, extirpation rate is high, recolonization rate is low, and there are few 
source populations, disease outbreaks are expected to erode genetic variation (Harrison and 
Hastings 1996). By contrast, slow rates of extirpation, rapid recolonization, and multiple source 
populations would buffer against the loss of genetic diversity. Therefore, landscape context can 
contribute to the effects of pathogens on genetic variation within and among populations (Biek and 
Real 2010). 
 One highly virulent pathogen infecting mammals is the bacterium Yersinia pestis, the agent of 
sylvatic plague. Plague is transmitted by fleas and was introduced to western North America from 
Asia around 1900 (Cully et al. 2000); its effects are particularly severe in naïve hosts such as prairie 
dogs (Cynomys spp; family Sciuridae). Prairie dogs comprise five species of social burrowing rodents 
inhabiting the grasslands of western North America; their populations are organized into colonies 
consisting of several groups of related individuals (Hoogland 1995). Prairie dog mortality from 
plague approaches 99% (Pauli et al. 2006; Cully et al. 1997; Biggins et al. 2010).  Once Y. pestis is 
endemic within a region, prairie dog colonies experience metapopulation dynamics (Antolin et al. 
2006) with plague-induced extirpations (Cully and Williams 2001) and subsequent recolonization 
(Roach et al. 2001).  In Boulder County, Colorado, movement of prairie dogs among colonies is 
dependent on the intervening landscape matrix, where urbanization suppresses movement but other 
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land types facilitate movement (Sackett et al. 2012). Because plague causes colony extirpation that is 
often, but not always, followed by recolonization, the disease is expected to have consequences on 
the distribution of neutral genetic variation within and among colonies. 
 This chapter examines the effects of pathogen extirpations on genetic variation at three 
scales. At the scale of the metapopulation, variation could either decrease due to population 
extirpation, or be maintained by recolonization (Whitlock and McCauley 1990; Bohonak 1999). At 
the scale of the colony, genetic diversity could decline due to bottleneck and founder effects (Tsutsui 
et al. 2000; Leberg 1992), which would be exacerbated if immigration occurs from only one or few 
source colonies (Pannell and Charlesworth 1999), as may be expected in isolated colonies or those 
surrounded by urbanization (Magle et al 2010; Sackett et al. 2012).  Alternatively, recolonization 
from multiple sources would replenish variation within a colony after recolonization (Slatkin 1977).  
At the scale of the individual, those remaining after widespread extirpations could be a random 
subset of the original population (for instance, if they were not exposed to the pathogen because of 
stochastic effects), leading to a loss of within-individual genetic diversity due to inbreeding that 
results from founder effects (Trudeau et al. 2004). Conversely, surviving individuals could have 
higher within-individual genetic diversity (heterozygosity) because in many systems, more inbred 
individuals suffer higher mortality from infection than less inbred individuals (Coltman et al. 1999; 
Valsecchi et al. 2004). Higher within-individual heterozygosity could also result from admixture 
following recolonization from multiple sources. 
To test the hypotheses of how Y. pestis influences the distribution of neutral genetic diversity 
in black-tailed prairie dogs (C. ludovicianus, hereafter “prairie dog”) at different scales, I sampled 15 
prairie dog colonies before, during, and after a plague epizootic.  Using nine microsatellite markers, I 
examined the effects of plague-induced colony extirpation and subsequent recolonization on neutral 
genetic diversity in prairie dogs at three scales: within the metapopulation, within colonies and 
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within individuals.  At the metapopulation scale, I investigated regional temporal changes in the 
degree of genetic diversity and isolation by distance before extirpation and after recolonization.  At 
the colony scale, I examined changes in genetic diversity and temporal differentiation within colonies 
and estimate immigration rates into extirpated colonies.  At the individual scale, I calculated 
observed heterozygosity (as the proportion of heterozygous loci) before plague and after 
recolonization.  I found that within the metapopulation, plague did not change genetic diversity; 
within colonies, genetic diversity changed depending on the number of inferred source populations; 
and within individuals, genetic diversity increased. 
 
Methods 
Study locat ion and sample co l l e c t ion   
Data were collected from 15 colonies in Boulder County from 2003 – 2009 (Fig. 3.1; Table 
3.1). Of these, six colonies were extirpated by plague in 2006-2007 and subsequently re-colonized, 
four were extirpated and not recolonized, two could not be sampled after recolonization, and three 
were not affected by plague.  Because prairie dogs are diurnal and highly social, extirpations were 
easy to document when they occurred.  Sampled colonies were separated by pairwise distances 
varying from 1.5 – 36 kilometers, and varied in their surrounding habitat matrix (Johnson and 
Collinge 2004; Collinge et al. 2005).  At each colony, 49-104 Tomahawk traps were placed with even 
distribution throughout the colony, baited, set, and left for up to 2.5 hours. Prairie dogs were 
trapped for 1 – 2 weeks at each site by targeting active burrows with one to four traps (Hoogland 
1995).   
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Fig. 3.1 Locations of sampled populations and plague events in Boulder County, CO. Light orange 
represents colonies extirpated by plague in 2005; medium orange represents colonies extirpated by 
plague in 2006; dark purple represents colonies extirpated by plague after 2007 or not at all.  
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Table 3.1 Colony names and locations, samples sizes and descriptive statistics.  Ntotal is the total 
number of prairie dogs genotyped before and after plague in each colony; N03 - N09 denote the 
number of unique individuals genotyped in each year. For cost reasons, only a subset of individuals 
captured in control colonies and pre-plague colonies was genotyped; thus, numbers reflect capture 
rates only in recolonized colonies (first 6).  Å - Allelic richness was estimated in Fstat to control for 
unequal sample sizes (given in parentheses).  Observed and expected heterozygosity were calculated 
in Arlequin; FIS was calculated and significance was evaluated by permutation analysis in Fstat 
(significant deviations from random mating are denoted with asterisks). ♮denotes colonies with 
confirmed plague survivors (N=2 each); § represents colonies that were extirpated and not 
recolonized during our study.  
 
Colony Ntotal N03 N04 N05 N06 N07 N08 N09 Latitude Longitude Å(N) He Ho Fis 
1A 79 16 49 14     40.244130 -105.226589 4.506 (23) 0.663 0.681 -0.027 
1Apost 31     9 9 13 40.244130 -105.226589 3.935 (23) 0.588 0.615 -0.048 
12A 11   11 0    39.961195 -105.246726 3.746 (10) 0.624 0.574 0.085 
12Apost 55     12 31 12 39.961195 -105.246726 3.910 (10) 0.664 0.713 -0.074* 
17A 39 2 10 27     40.047172 -105.243323 4.233 (26) 0.667 0.668 -0.002 
17Apost♮ 37     7 16 14 40.047172 -105.243323 4.422 (26) 0.706 0.699 0.019 
19A 94 24 63 7 0    40.104762 -105.276544 4.409 (24) 0.684 0.655 0.043 
19Apost♮ 74     15 21 38 40.104762 -105.276544 4.465 (24) 0.694 0.718 -0.018 
30A 59  22 19 18    40.101002 -105.22196 3.976 (10) 0.660 0.647 0.020 
30Apost 11     0 0 11 40.101002 -105.22196 3.312 (10) 0.591 0.683 -0.165* 
47A 61  33 28     40.070321 -105.170399 5.078 (25) 0.686 0.653 0.049* 
47Apost♮ 49     6 10 33 40.070321 -105.170399 4.197 (25) 0.647 0.698 -0.072* 
2A 85 35 35 15     40.219082 -105.309569 4.517 (22) 0.667 0.662 0.007 
2Apost 73     25 14 34 40.219082 -105.309569 4.472 (22) 0.665 0.668 -0.005 
3A 99 18 42 39     39.940286 -105.094591 4.102 (9) 0.659 0.659 -0.001 
3Apost 9     9   39.940286 -105.094591 4.111 (9) 0.649 0.605 0.071 
9A 59 29 30      40.015889 -105.189321 4.683 (41) 0.641 0.613 0.046 
9Apost 41     27  14 40.015889 -105.189321 4.667 (41) 0.591 0.583 0.014 
5A§ 37 19 18      40.154402 -105.25251 4.591 (26) 0.632 0.645 -0.021 
6A§ 49 16 33      39.912180 -105.18057 4.555 (26) 0.717 0.689 0.039 
15A§ 36 24 12      40.108112 -105.21019 4.737 (26) 0.685 0.721 -0.053 
20A§ 48 16 32      39.920672 -105.22091 4.663 (26) 0.665 0.657 0.015 
60A 4  3 1     39.998259 -105.192919 3.111 (4) 0.607 0.611 -0.008 
106A 47  47      40.022840 -105.179904 4.260 (26) 0.566 0.594 -0.052 
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Prairie dog trapping and processing were conducted in accordance with protocols approved 
by the University of Colorado’s Institutional Animal Care and Use Committee and are described in 
detail therein (available upon request).  Captured prairie dogs were anesthetized under close 
supervision with 1 – 4% isoflurane in oxygen using a precision, calibrated vaporizer to control the 
dosage (Heath et al. 1997).  Processing involved collection of ear tissue for DNA; collection of 
blood for pathogen screening; and insertion of a Passive Integrated Transponder (PIT) tag for 
future identification.  Tissue for DNA analysis was collected using a 2-mm diameter ear punch 
(Braintree Scientific) and stored frozen in a solution of EDTA-DMSO until DNA extraction.  After 
processing, animals were placed back into the traps until the anesthesia wore off and they became 
alert, at which time they were released at their capture locations. 
Blood samples were sent to the Centers of Disease Control and Prevention in Fort Collins, 
CO for detection of plague antibodies. Presence of these antibodies indicates exposure to Y. pestis, 
and allows for evaluation of survival of prairie dogs exposed to plague. DNA from prairie dogs was 
extracted using a Qiagen tissue kit, and individuals were genotyped at 9 unlinked microsatellite loci 
(Jones et al. 2005; Sackett et al. 2009). Loci were examined for null alleles in the program Micro-
checker (van Oosterhout et al. 2004).  I tested all loci in all populations for deviations from 
neutrality using the Fdist algorithm (Beaumont and Nichols 1996) implemented in Lositan (Antao et 
al. 2008) and following the protocol of Bryja et al. (2007). 
 
Analys is  o f  genet i c  var iat ion within the reg ional metapopulat ion    
Genetic variation in the metapopulation (across six recolonized and three control colonies) 
was examined before and after the plague epizootic. I estimated the number of alleles per locus and 
allelic richness using permutation analysis in the program Fstat (Goudet 1995) to control for unequal 
sample sizes, and then tested for changes in the number of alleles and allelic richness using 
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Wilcoxon tests for difference in means, implemented in R (the R Project for Statistical Computing, 
www.r-project.org). I then calculated spatial differentiation using theta, an unbiased estimator of FST 
(Weir and Cockerham 1984), in Fstat and assessed the significance of differentiation by performing 
Fisher exact tests in Genepop (Rousset and Raymond 1997) and performing a Bonferroni 
correction.  Average pairwise FST values in the metapopulation (9 colonies only) were compared 
before plague and after recolonization with a Wilcoxon test.  Estimates of FST were corroborated by 
allele size-based estimates designed for microsatellites (Slatkin 1995; Rousset 1996).  In addition, 
estimates of differentiation are confounded by the degree of diversity present; therefore, I verified all 
inferences of differentiation by calculating standardized estimates of FST (Hedrick 2005) by dividing 
by the maximum possible values (obtained in the program recodeData, Meirmans 2006) and re-
assessed differentiation.  All inferences were the same with un-adjusted and standardized FST values, 
except where noted.  The degree of isolation by distance was determined before plague and after 
recolonization by performing Mantel tests in in the Vegan package (Oksanen et al. 2010) for R using 
linearized FST values (Slatkin 1995) and the natural log of geographic distance (Rousset 1997). The 
degree of isolation by distance was then compared before plague and after recolonization by 
performing separate regressions in Genepop, estimating the slopes and determining whether the 
95% confidence intervals (estimated by bootstrapping over loci) for the slopes overlapped.  
I used GeneClass2 (Piry et al. 2004) to assess migration rates among colonies and 
characterize founding individuals as immigrants or residents. Because there were unsampled colonies 
in the landscape, my goal was not to assign individuals to actual source populations, but rather to 
estimate the number of immigrants in recolonized colonies and estimate the number of putative 
source populations. Using the recommended frequencies-based method (Paetkau et al. 1995), I 
inferred immigrant status by choosing individuals that were assigned to their colony of capture with 
a probability less than 0.05 (as in Berthier et al. 2006).  Individuals were assumed to originate in one 
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of the 15 colonies present before plague (i.e., I did not allow them to be assigned to a post-
recolonization colony) or a nearby unsampled colony with a genetic signature similar to the sampled 
colony. Therefore, individuals assigned to particular colonies (especially extirpated colonies) should 
be interpreted as originating from a population with a genetic signature that matches the source 
colony, rather than originating necessarily from that colony. 
 
Analys is  o f  genet i c  var iat ion within co lonies    
Genetic variation at the colony scale was assessed within each colony before plague and after 
recolonization.  I tested all colonies for significant departures from Hardy-Weinberg equilibrium 
both before and after the plague epizootic, controlling for multiple tests with a Bonferroni 
correction, using Genepop software (Rousset 2008). I estimated allelic richness within colonies 
before plague and after recolonization using permutation analysis in the program Fstat (Goudet 
1995) to control for unequal population size, and then tested for changes in allelic richness using the 
Wilcoxon test for difference in means, implemented in R.  I also examined allelic richness in each 
year following recolonization.  I used a linear model in R to test for a relationship between allelic 
richness in recolonized colonies and the number of inferred source colonies from the GeneClass2 
analysis. I then calculated average relatedness among individuals within a colony relative to all 
individuals in the metapopulation both before plague and after recolonization using permutation 
analysis in SPAGeDi (Hardy and Vekemans 2002) with the kinship coefficient of Ritland (1996), 
recommended for microsatellite studies (Vekemans and Hardy 2004).  Next, I assessed whether the 
degree of linkage disequilibrium increased within each colony (indicative of a founder effect) after 
recolonization by comparing |D’| values estimated in MIDAS software (Gaunt et al. 2006) with a 
Wilcoxon test.  An unpaired test was used because MIDAS uses information from all allele 
combinations, some of which were not present either before plague or after recolonization. 
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I calculated temporal differentiation within colonies by estimating FST in the program Fstat 
and performing 10,000 permutations (Goudet 1995; Waples 1989), which allowed me to assess 
whether colonists were genetically different from residents present before plague.  To confirm that 
temporal changes in genotypes were not expected in the absence of extirpations, I estimated the 
degree of temporal differentiation in control colonies and compared this to the degree of 
differentiation in extirpated colonies with a Wilcoxon test in R.  Finally, I performed a Principal 
Components Analysis (PCA) in the ade4 package for R (Dray and Dufour 2007; Chessel et al. 2004) 
on individual genotypes within each colony before plague and after recolonization.  I performed 
10,000 randomizations of genotypes within a colony to assess whether genotypes were significantly 
different over time, and whether plague survivors (see results) had different genotypes than other 
individuals in their colonies. 
 
Analys is  o f  genet i c  var iat ion within indiv iduals      
Genetic variation at the individual scale was examined using observed heterozygosity of 
individuals (calculated as the proportion of loci that were heterozygous) before plague and after 
recolonization.  After determining that heterozygosity values were normally distributed, I used 
unpaired t-tests to assess the difference in mean observed heterozygosity between 1) all extirpated 
colonies before plague and after recolonization, 2) all control colonies before and after 2006, and 3) 
inferred immigrants and residents (non-immigrants).  For individual colonies, I used a 
randomization procedure because of small samples sizes (R script available in supporting online 
information) to test for significant differences in individual heterozygosity by randomly drawing 
observed heterozygosity values from pre-plague colonies.  The number of values drawn was equal to 
the actual number of individuals in post-recolonization colonies.  This sampling procedure was 
repeated 10,000 times to generate a probability distribution of observing particular average 
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heterozygosity values, and the percentage of times simulated post-recolonization heterozygosity was 
lower than the average from the pre-plague distribution was reported as a p-value.  This 
randomization procedure was used because of low samples sizes (e.g., 11 individuals in post-
recolonization colony 30A), and was conducted in R.  
The genotypes of six individuals that survived plague (see results) were compared to those of 
pre-plague and post-recolonization individuals by performing a permutation test on principal 
components scores in the ade4 package for R.  Next, to compare observed heterozygosity of 
survivors to a random sample of prairie dogs in the same colonies, I randomly sampled six 
individuals from those colonies and calculated average heterozygosity.  I repeated this sampling 
10,000 times and generated a distribution of observed heterozygosity values based on individuals 
present in the same colonies.  The proportion of times survivor heterozygosity was lower than the 
simulated average heterozygosity was reported as a p-value. 
 
Results   
During seven field seasons, I captured 1187 prairie dogs from 15 colonies (Figs. 3.1 – 3.2, 
Table 3.1). I obtained samples before and after a plague epizootic from nine colonies, including six 
that were extirpated by plague and three control colonies that were not exposed to plague. Four 
colonies were extirpated and not recolonized; of these, two were not recolonized within 3 years, and 
two were not recolonized within 5 years (personal observation). These and two others for which I 
obtained no post-recolonization data were excluded from analyses involving temporal comparisons. 
Rates of population growth after recolonization varied from 11 to 47 individuals captured two years 
after plague (Fig. 3.2, Table 3.1). The majority of individuals in recolonized colonies were captured 
(estimated by visual counts and within-trapping session recapture rates).  By re-typing a subset of 
individuals, I estimated the genotyping error rate to be 2.1%; errors were distributed randomly 
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across individuals and loci.  Null alleles were not detected at any loci.  Finally, departures from 
neutrality were not detected with the Fdist method (Beaumont and Nichols 1996). 
 
Fig. 3.2  Capture rates in six colonies from 2004-2009; number of captures represents the number 
of individuals trapped in the first sampling week of each year, even if they were not genotyped. Only 
the first week of trapping is shown to control for unequal sampling effort.    
 
Genet i c  var iat ion within the reg ional metapopulat ion    
The degree of allelic richness across all colonies within the metapopulation was not 
significantly different before plague (6.456) and after recolonization (6.247, Wilcoxon p=0.631), 
even when including the colonies present before plague that were not recolonized (6.397; p=0.500).  
All colonies were significantly differentiated from each other, with the exception of 60A (N=4; 
Table 3.2).  Average pairwise FST among 9 colonies was significantly higher after recolonization 
(0.1136) than before plague (0.0867, Wilcoxon p=0.019).  When using standardized FST (Hedrick 
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2005), differentiation was only marginally significantly higher after recolonization (p=0.1).  The 
isolation-by-distance signal present before plague (Mantel p=0.029, r = 0.4418) was evident after 
recolonization (Mantel p = 0.011, r = 0.4856; Table 3.3), and the degree of isolation by distance was 
significantly higher after recolonization (slope and 95% CI of regression after: 0.040 [0.025, 0.080]) 
than before plague (slope and 95% CI of regression before: 0.016 [-0.002, 0.027]; Table 3.3). 
 
Table 3.2  Pairwise Fst values estimated in Fstat for all study colonies, both a) before plague and b) 
after recolonization. Spatial Fst values are below the diagonal; temporal Fsts (where applicable) are 
along the diagonal.  A - represents colonies with no post-plague data. A  denotes that 
differentiation is not significant; all other pairs of populations were significantly differentiated. 
 
a) before plague 
 1A 2A 3A 5A 6A 9A 12A 15A 17A 19A 20A 30A 47A 60A 106A 
1A 0.113               
2A 0.082 0.006              
3A 0.080 0.106 0.006             
5A 0.092 0.086 0.119 -            
6A 0.087 0.098 0.060 0.097 -           
9A 0.084 0.106 0.064 0.148 0.089 0.002          
12A 0.125 0.160 0.121 0.171 0.048 0.106 0.098         
15A 0.117 0.052 0.098 0.094 0.082 0.113 0.154 -        
17A 0.082 0.103 0.104 0.080 0.057 0.095 0.121 0.099 0.015       
19A 0.061 0.068 0.102 0.054 0.065 0.085 0.095 0.057 0.042 0.050      
20A 0.061 0.089 0.068 0.089 0.057 0.028 0.085 0.092 0.072 0.070 -     
30A 0.057 0.082 0.089 0.093 0.064 0.0865 0.115 0.078 0.080 0.060 0.044 0.069    
47A 0.067 0.062 0.085 0.039 0.059 0.070 0.108 0.064 0.038 0.044 0.054 0.061 0.063   
60A 0.077 0.146 0.111 0.178 0.098 0.030 0.101 0.132 0.132 0.100 0.022 0.079 0.103    -  
106A 0.113 0.140 0.098 0.169 0.128 0.024 0.143 0.146 0.158 0.127 0.066 0.110 0.121 0.047 - 
 
b) after recolonization 
 1A 2A 3A 5A 6A 9A 12A 15A 17A 19A 20A 30A 47A 60A 106A 
1A 0.113               
2A 0.090 0.006              
3A 0.220 0.096 0.006             
5A 0.148 0.070 0.124 -            
6A 0.174 0.075 0.064 - -           
9A 0.237 0.136 0.067 0.132 0.090 0.002          
12A 0.179 0.096 0.054 0.092 0.057 0.082 0.098         
15A 0.139 0.052 0.092 - - 0.103 0.083 -        
17A 0.127 0.069 0.087 0.090 0.045 0.072 0.069 0.048 0.015       
19A 0.153 0.085 0.088 0.096 0.062 0.060 0.079 0.056 0.028 0.050      
20A 0.163 0.084 0.051 - - 0.043 0.040 - 0.050 0.052 -     
30A 0.238 0.112 0.066 0.086 0.107 0.078 0.082 0.084 0.091 0.059 0.082 0.069    
47A 0.155 0.082 0.135 0.077 0.087 0.110 0.096 0.051 0.044 0.060 0.098 0.097 0.063   
60A 0.270 0.149 0.079 - - 0.026 0.118 - 0.078 0.057 - 0.099 0.134 -  
106A 0.260 0.125 0.067 - - 0.040 0.101 - 0.106 0.073 - 0.069 0.116 - - 
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Table 3.3 Analysis results for the prairie dog metapopulation before plague and after recolonization. 
Parameter and Time Frame Before Plague After Recolonization  
Average number of alleles per locus 6.556 6.333 
Allelic richness 6. 456 (9 colonies) 6. 247 (no change; p 
= 0.631) 
Allelic richness 6. 397 (15 colonies) 6. 247 (no change; p 
= 0.500) 
Average pairwise differentiation (FST implemented 
in Fstat) 
0.0867 0.1136 (higher; 
p=0.019) 
Isolation by distance (Mantel test on linearized FST 
and natural log of geographic distance) 
r = 0.4418, p = 0.029 r = 0.4856, p = 0.011 
Isolation by distance (regression on linearized FST 
and natural log of geographic distance; slope and 
95% confidence intervals) 
b = 0.029 
[-0.002, 0.027] 
b = 0.040  
[0.025, 0.080] 
 
Following recolonization of six colonies, I identified 95 out of 258 founders (36.8%) as 
immigrants. The remaining founders were inferred to originate from a nearby unsampled source 
colony with a genetic signature indistinguishable from the recolonized colony.  Similarly, founders 
that were assigned to extirpated colonies (e.g., one founder of colony 1A originated in colony 47A, 
Table 3.4) were interpreted as either migrants from a nearby unsampled, not extirpated colony with a 
similar genetic signature, or as a migrant leaving before the colony was extirpated.  For example, 
recolonization of colony 1A began in 2007; thus, migrants from 47A may have arrived in 2007 
before colony 47A was extirpated (Fig. 3.1).  Some colonies were repopulated from a large number 
of source colonies, while others were repopulated from a small number of sources (Table 3.4). The 
proportion of immigrants in each colony ranged from 20.4% (colony 47A) to 46.7% (colony 19A). 
My estimate of migration rate is higher than previously observed in prairie dogs in urban landscapes 
(Magle et al. 2010), but seems consistent with the rapid repopulation of extirpated colonies. 
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Table 3.4 Pairwise migration values inferred in GeneClass2. Inferred source colonies are across the 
top; colonies in which recolonizing individuals were sampled are on the left. Individuals in this table 
are those that were assigned with probability <0.05 to the colony in which they were sampled and 
thus are inferred immigrants, which represent 36.8% of individuals present after recolonization. The 
remaining 63.2% (not shown) are inferred to have colonized from the same population in which 
they were sampled (or a geographically close unsampled population with an indistinguishable genetic 
signature) and are not considered immigrants.  “Other” signifies that the individual did not assign to 
any sampled colony with at least a probability of 0.05 and is inferred to have originated from an 
unsampled colony.  “Ncol” is the number of inferred source colonies (including the sampled 
colony); M is the proportion of colonists that are inferred immigrants. 
 
 1A 2A 3A 5A 6A 9A 12A 15A 17A 19A 20A 30A 47A 60A 106A other Ncol M 
1A    2    2  1  2 1   1 7 0.290 
12A   1 3 5   9   8 1     7 0.491 
17A  1   1  1 2   1  2 1  2 9 0.297 
19A 1    5 1 1  2  3  3 9 6 1 11 0.467 
30A    1    2         3 0.273 
47A    2    6   1   1   5 0.204 
 
Genet i c  var iat ion within co lonies        
 Within colonies, no systematic departures from Hardy-Weinberg equilibrium were observed 
either before plague or after recolonization. In colonies that experienced plague, changes in allelic 
richness varied widely when compared with control colonies, which showed no change in richness.  
There was a decline in richness in three recolonized colonies (1A (p=0.164), 30A (p<0.001), and 
47A (p << 0.001); Table 3.1), but the other three colonies (12A, 17A, and 19A) experienced a slight, 
but not significant, increase in allelic richness (Fig. 3.3). Allelic richness did not change systematically 
throughout recolonization (Fig. 3.4). Richness in post-recolonization colonies was positively related 
to the number of inferred source colonies (adjusted R2 = 0.631, p = 0.037; Table 3.5).  Changes in 
relatedness among individuals in a colony were consistent with the changes in allelic diversity (Fig. 
3.3): average relatedness increased in the three colonies that experienced a decline in allelic diversity 
(1A (p << 0.001), 30A (p=0.026), and 47A (p << 0.001); Table 3.5). On the other hand, average 
relatedness decreased in the three colonies that did not exhibit a significant decrease in allelic 
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richness (12A (p=0.001), 17A (p<<0.001), and 19A (p=0.211)).  The variance in relatedness among 
individuals decreased significantly (p<0.02) in three colonies (12A, 19A, and 30A), but was unrelated 
to the number of individuals sampled or the mean change in relatedness.  Linkage disequilibrium 
(measured by |D’|) increased significantly in the three colonies that lost allelic diversity (1A: 
p<<0.001; 30A, 47A: p=0.004; 3.5), which may be indicative of founder effects.  LD did not change 
in two colonies (17A and 19A, p>0.1) and decreased in one colony (12A, p <<0.001). 
 
Fig. 3.3 Plot of the change in allelic richness (light blue) and relatedness (dark purple) within 
colonies before plague and after recolonization.  Error bars represent one standard error; solid lines 
are for relatedness and dotted lines are for richness. 
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Fig 3.4 Allelic richness across years in five colonies following recolonization (Colony 30A is not 
shown because there are data from only one year of recolonization).   
 
 
Table 3.5 Analysis results for prairie dog colonies before plague and after recolonization. ♮ denotes 
colonies with plague survivors; asterisks represent a significant increase in relatedness/LD, and § 
represent a significant decrease in relatedness/LD. 
 
Parameter and Time Frame Before Plague After Recolonization  
Regression on post-recolonization allelic richness 
and the number of inferred source colonies 
N/A p=0.037, adjusted R2=0.631 
Average kinship among 
individuals (coefficient 
from Ritland 1996) 
1A 0.0678 0.2324* 
12A 0.2187 0.0953§ 
17A♮ 0.1076 0.0597§ 
19A♮ 0.0620 0.0471 
30A 0.0494 0.1331* 
47A♮ 0.0409 0.1408* 
Average magnitude of 
linkage disequilibrium, 
|D’| 
1A 0.5358 0.6218* 
12A 0.7362 0.6308§ 
17A♮ 0.5532 0.5571 
19A♮ 0.5361 0.5187 
30A 0.5743 0.6577* 
47A♮ 0.5884 0.6452* 
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 Temporal differentiation before and after 2006 was an order of magnitude higher in colonies 
affected by plague than control colonies (FST=0.0689 plague, 0.005 control; p=0.009; Fig. 3.5). The 
average spatial FST was 0.0867 (Table 3.2). Principal components analysis of genotypes showed that 
in some cases, post-recolonization individuals were significantly different from pre-plague 
individuals, suggesting that founders originated from other colonies. For instance, founders of 
colony 19A were more genetically similar to residents of colony 30A than to individuals present in 
colony 19A before extirpation (Fig. 3.6). The mean genotype within four colonies (1A, 12A, 19A, 
and 47A) changed over time (p < 0.05;  Fig. 3.7a – f), with the change more pronounced in some 
colonies (e.g., 1A and 19A, p << 0.001; Fig. 3.7a, 3.7f) than others. One colony with plague 
survivors, 17A (Fig. 3.7e), experienced no shift in genotype space (p=0.265); 17A and 30A were 
probably recolonized from a source population that was genetically similar to the original colonies.  
 
Fig. 3.5 Temporal differentiation (FST) in colonies before plague and after recolonization for 
extirpated colonies (light blue bars), or before and after 2006 for control colonies (dark green bars).  
Error bars represent one standard error.  Two asterisks denote highly significant differentiation 
(p<0.0001); one asterisk denotes significant differentiation (p<0.01). 
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Fig 3.6 Principal Components Analysis of prairie dog genotypes in two neighboring colonies (light 
green, 30A, and blue, 19A).  Genotypes present before plague are denoted with circles (19A) and 
triangles (30A); those after recolonization are denoted by plus signs (19A only).  Genotypes of 
colonists in 19A are more similar to those in 30A than in 19A before plague. 
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Fig 3.7 Principal Components (PC) Analysis of prairie dog genotypes in individual colonies: a) 1A, 
b) 30A, c) 47A, d) 12A, e) 17A, and f) 19A. Solid circles represent individuals present before plague; 
plus signs represent individuals that colonized populations after plague; circled triangles in three 
colonies (17A, 19A and 47A; d, e, and f) represent individuals that survived plague. Mean population 
PC scores for before plague (circles) and after recolonization (squares) are denoted in bold black 
symbols with lines representing one standard deviation. 
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Genet i c  var iat ion within indiv iduals    
 Observed heterozygosity in recolonized colonies ranged from 0.632 (1A; 20 individuals 
captured in 3 years) to 0.718 (19A; 74 individuals captured in 3 years).  Across all recolonized 
colonies, there was a significant increase in heterozygosity after recolonization (mean Ho in pre-
plague colonies = 0.656; mean Ho in recolonized colonies = 0.698; t=2.99, p=0.003).  During the 
same time period, heterozygosity did not change in colonies that did not experience plague (t=0.083, 
p=0.934). Inferred migrants from GeneClass2 did not have higher heterozygosity than residents 
(t=0.608, p = 0.237).  Recolonized colonies with plague survivors (17A, 19A and 47A; see below) 
and 12A exhibited significantly higher heterozygosity than before plague (p<<0.001), whereas the 
other two colonies were not different before plague and after recolonization (p>0.1). Interestingly, 
the increase in mean heterozygosity among recolonized colonies resulted partly from the loss of 
almost all individuals in the lowest heterozygosity classes (e.g., Ho<0.4; Fig. 3.8).  Post-
recolonization heterozygosity was approximately equal to that of a theoretical population created by 
culling approximately 10% of the most inbred individuals present before plague.   
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Fig 3.8 Distribution of observed heterozygosity of individuals in colonies experiencing plague.  
Open bars represent individuals present before plague (mean at the light gray bar); hashed bars 
represent individuals present after recolonization (mean at the dark blue bar).  After recolonization, 
the distribution shifted towards higher heterozygosity, and individuals in the lowest heterozygosity 
classes were lost. 
 
During 2007 and 2008, I confirmed that six individuals survived exposure to plague 
(assessed by plague antibodies in one year and recapture the next); two individuals survived in three 
colonies (17A, 19A, and 47A).  Five of these animals also tested positive for antibodies in the second 
year of capture, indicating that plague antibodies can persist for at least a year, or that there was 
repeated exposure to plague.  The PCA indicated that genotypes of survivors were not significantly 
different from other individuals in their colonies (Fig. 3.7c, e and f), and in one colony (19A, Fig. 
3.7f) survivors were more genetically similar to colonists (no difference; p=0.61) than to pre-plague 
residents (marginally significant difference, p=0.10). In the other two colonies (17A and 47A, Fig. 
3.7c and 3.7e), survivors were not genotypically distinct from residents before or after plague (p > 
0.1). Two of the survivors, both sampled in colony 17A, were inferred immigrants.  One was 
assigned to colony 60A, a historically plague negative colony, and the other was assigned to colony 
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20A, which was extirpated by plague in 2008 (Fig. 3.1; data from Boulder Open Space and Mountain 
Parks).  The two survivors from 19A and one survivor from 47A were not excluded from their 
sampled colony (i.e., not inferred immigrants) but were assigned with a higher probability to colony 
20A. Heterozygosity of the six plague survivors was significantly higher than expected if survival was 
random with respect to heterozygosity (mean survivor Ho=0.815, p=0.006; Fig. 3.9). 
 
Fig 3.9 Simulated distribution of observed heterozygosity of individuals in colonies with plague 
survivors.  The distribution was generated by randomly sampling six (equal to the actual number of 
survivors) individuals in these colonies and calculating average observed heterozygosity.  This 
process was repeated 10,000 times.  Mean heterozygosity of survivors is denoted by the solid bar. 
 
 
Discussion   
 The effects of plague extirpation and subsequent recolonization on genetic diversity varied 
depending on the scale at which diversity was assessed.  Within the metapopulation, there was no 
change in diversity.  Within colonies, the magnitude and direction of change varied, with some 
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colonies experiencing a large decline in allelic richness and others exhibiting a slight (non-significant) 
increase in allelic richness.  Within individuals, the processes of extirpation and recolonization 
preferentially eliminated individuals with the lowest heterozygosity.  Furthermore, the six survivors 
had significantly higher heterozygosity than expected by chance.  These results show that although 
the effects of extirpations on genetic diversity of colonies varied, plague and recolonization favored 
individuals with the highest genetic diversity, with the implication that pathogen-induced extirpations 
provide a mechanism for the maintenance of genetic variation, provided that there are disease-free 
populations that can serve as sources for recolonization.   
 
Genet i c  var iat ion within the metapopulat ion   
 In this system, plague extirpations did not depress allelic richness of prairie dogs at the 
regional scale, a pattern that held even with the inclusion of the four colonies that were never 
recolonized.  There was, however, an increase in average pairwise differentiation and isolation by 
distance, likely due to reductions in population size (Wright 1931; van Treuren et al. 1991).  It is 
probable that the maintenance of genetic diversity within this metapopulation was due to its urban 
landscape matrix, which may have slowed spread of the Y. pestis (Collinge et al. 2005) such that 
source populations remained at all times, allowing recolonization of extirpated populations (data 
from Boulder Open Space and Mountain Parks; see Fig. 1). For instance, colony 19A could have 
been a source colony in 2005 but not 2006, whereas colony 2A could have been a source in 2006. In 
contrast, a system that experienced simultaneous extirpation of all populations would likely exhibit a 
loss of genetic diversity (Larson et al. 2002).   
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Genet i c  var iat ion within co lonies    
 Three lines of evidence suggest that three colonies (1A, 30A, and 47A) experienced founder 
effects: there was 1) a decline in allelic richness, 2) an increase in average relatedness among 
individuals, and 3) an increase in LD.  Founder effects were not evident in the other three 
recolonized colonies (12A, 17A, and 19A), which experienced a slight increase in allelic richness, a 
decrease in average relatedness, and a decrease or no change in LD (Table S4, Supporting 
information).  Prairie dogs in the three re-colonized sites without founder effects (and in 47A) were 
clustered in spatially discrete portions of their colonies (personal observation), suggesting that they 
may represent distinct family groups and separate immigration events from different source 
populations. Coupled with the slight increase in allelic diversity and the change in genetic 
composition before plague and after recolonization, spatial clustering supports the idea that 
immigrants arrive from multiple source colonies.  
The reasons for the disparity in patterns of change in diversity are probably largely 
dependent on the landscape context in which colonies occur (Magle et al. 2010) and the associated 
relative rates of extirpation and recolonization. I observed that colonies with the largest putative 
number of sources also contained the most genetic diversity (Tables 3.1, 3.4), whereas colonies with 
low migration rates from few source populations experienced a loss of diversity.  Increased numbers 
of source populations for recolonization may thus mitigate founder effects (Kolbe et al. 2004).  
Thus, for the maintenance of genetic variation, the importance of connectivity for recolonization 
appeared to outweigh the increased risk of extinction (Hess 1996), perhaps because so few colonies 
escaped exposure to plague (data from Boulder Open Space and Mountain Parks).  Quantifying the 
landscape context in relationship to colony isolation, gene flow and genetic diversity will be a fruitful 
avenue for further research. 
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Temporal genetic differentiation within colonies before plague and after recolonization may 
occur for three reasons.  First, migration routes could vary over time, causing genetic inputs into a 
colony to also change over time (Mackey et al. 2011).  This explanation may be particularly likely in 
systems where extirpations are spatially proximate, disrupting the typical dispersal corridors used by 
individuals.  For instance, most genetic exchange likely occurs between closely situated populations 
(e.g., colonies 17A and 47A, Fig. 1), but if plague eliminates both populations simultaneously, then 
immigrants into each colony will necessarily originate from farther away (e.g., colony 106A). Second, 
temporal differentiation within colonies before and after plague could arise from stochastic 
demographic fluctuations.  During colony formation, one or two genotype groups could become 
prevalent due to colonization order or other non-adaptive effects.  Finally, only certain genotypes 
may be able to colonize (as in migratory culling, Bartel et al. 2011) after plague.  Successful colonists 
may need to be excellent dispersers, resistant to plague, or both. 
 
Genet i c  var iat ion within indiv iduals  
At the individual scale, heterozygosity within individuals increased, partially reflecting the 
loss of individuals with the lowest heterozygosity.  This suggests a cost of low heterozygosity to 
either the ability to successfully colonize a new population or survive plague.  Migratory culling 
(Bartel et al. 2011) may be partially responsible for this loss of low-heterozygosity individuals; 
however, I found no difference in heterozygosity between inferred immigrants and residents, 
suggesting instead that the role of heterozygosity is linked to survival from plague. Indeed, genome-
wide heterozygosity is often associated with resistance to disease (Hawley et al. 2005; Calleri et al. 
2006; Pearman and Garner 2005).  The overall increase in heterozygosity within post-recolonization 
individuals likely reflects both the selective loss of inbred individuals and the direct result of 
admixture of multiple genotype groups founding new populations (Table 3.4).  This increase in 
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heterozygosity suggests that successful immigration increases after extirpations: Prairie dog colonies 
have high population densities and socially-structured groups that are defended territorially 
(Hoogland 1981); thus, immigrants are likely to experience intense competition with residents.  After 
plague extirpations, this competition is eliminated, and immigrants may be more likely to survive.  
Thus, extirpation could act to effectively increase the degree of successful immigration because 
territories are no longer defended.  This hypothesis should be further tested using behavioral 
observations of newly founded populations in species with territorial behavior that are subject to 
periodic population extirpations.  
The six individuals that survived plague were not genetically differentiated from other 
individuals in their colonies for the microsatellite loci examined (Fig. 5); however, survivors 
exhibited unusually high heterozygosity (Fig. 7).  Microsatellites are neutral markers; however, they 
provide a proxy for genome-wide heterozygosity (Da Silva et al. 2006), which correlates inversely 
with inbreeding and sometimes reflects diversity at non-neutral loci (Hansson and Westerberg 2002; 
Slate et al. 2004) such as genes that provide protection against disease (Yang et al. 2011; Penn et al. 
2002; Turner et al. 2008).  Heterozygosity-fitness correlations at neutral loci may be due either to 
linkage disequilibrium between one or several neutral markers and functional loci under selection 
(Hansson and Westerberg 2002) or due to negative effects on fitness owing to genome-wide 
homozygosity (Charlesworth and Charlesworth 1987; Hansson and Westerberg 2002).  I observed a 
particularly strong effect of two loci (D1 and D115, Jones et al. 2005), at which all survivors were 
heterozygous, which may indicate LD with functionally important loci.  However, the pattern 
persisted when removing these loci from analyses; further, these markers showed no signs of 
selection with the Fdist method, suggesting these genomic regions are not the only drivers of the 
observed effect.  Although it is possible that both mechanisms are contributing to differential 
survivorship of highly heterozygous prairie dogs, the significant relationship between multilocus 
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heterozygosity and survivorship lends support to the idea that survival is conferred by the collective 
heterozygosity of many loci across the genome.  
 
Impli cat ions o f  this  s tudy for  understanding pathogen inf luences  on divers i ty    
 The genetic consequences of plague across scales lend support to the hypothesis that 
extirpation creates a vacant habitat into which colonization can occur from multiple sources, leading 
to an increase in genetic diversity in sufficiently connected populations.  The immediate decline in 
allelic richness in three colonies may be counteracted by immigration in subsequent years (indeed, 
colony 30A had just begun recolonization at the conclusion of our study and only 11 individuals 
were captured; see Fig. 2).  The increase in diversity may occur over longer time frames and allow 
evolutionary forces such as relaxed selection to act through, for example, the enhanced survival of 
advantageous mutations (Carson 1968; Templeton 1980).  If founder populations have higher 
additive genetic variance, they could have a more pronounced response to selection in subsequent 
generations. Furthermore, Y. pestis preferentially eliminated the most inbred individuals. High 
genome-wide heterozygosity may offer protection against pathogens via overdominance at many loci 
involved in resistance to pathogens (e.g., MHC, Hughes and Nei 1988; signaling pathways in 
immune response, Yang et al. 2011). The genetic consequences of extirpations have implications for 
the way we understand host-pathogen coevolution (Nuismer and Doebeli 2004), the evolution of 
virulence (Lenski and May 1994), and evolution of host resistance (Hughes and Boomsma 2007). 
 More research is needed to determine the circumstances under which pathogens facilitate an 
influx of diversity.  First, the spatial arrangement of populations in a landscape can influence 
extinction probability and recolonization dynamics, as discussed above. Subdivided populations may 
be more likely to retain genetic diversity in the face of extinctions than less divided populations (Ray 
2001).  Second, pathogen virulence is a likely predictor of how genetic diversity is maintained 
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(Tobler and Schmidt 2010).  A pathogen of moderate virulence would not eliminate populations 
(e.g., Breitschwerdt and Kordick 2000) and create a vacant habitat; thus, we would not predict an 
influx of diversity.  Highly virulent pathogens that extirpate populations—provided some 
populations remain as sources for recolonization—may be the most likely to allow an influx of 
diversity into a vacant habitat, particularly when coupled with high levels of host movement (Cross 
et al. 2005).  Finally, social structure and life history characteristics of the host also likely play an 
important role in how extirpations change host genetic diversity.  Prairie dogs territorially defend 
their colonies (Hoogland 1981); thus, immigrants are likely to be more successful at surviving after a 
colony has been extirpated.  In less aggregated species, however, individuals may have to travel 
farther to find unrelated mates, and inbreeding may thus increase after extirpations (Lachish et al. 
2011). Overall, my findings suggest that pathogen-induced extirpations provide a mechanism for the 
maintenance of genetic variation.  Further study will help resolve the conditions under which 
virulent pathogens allow for increased genetic diversity within their hosts (Caprio and Tabashnik 
1992). 
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Chapter 4:  Connectivity of Prairie Dog Colonies in an Altered Landscape: Inferences from 
Analysis of Microsatellite DNA Variation 
 
Abstract 
Connectivity of populations influences the degree to which species maintain genetic diversity and 
persist despite local extinctions.  Natural landscape features are known to influence connectivity, but 
global anthropogenic landscape change underscores the importance of quantifying how human-
modified landscapes disrupt connectivity of natural populations.  Grasslands of western North 
America have experienced extensive habitat alteration, fragmenting populations of species such as 
black-tailed prairie dogs (Cynomys ludovicianus).  Population sizes and the geographic range of prairie 
dogs have been declining for over a century due to habitat loss, disease, and eradication efforts.  In 
many places, prairie dogs have persisted in the face of emerging urban landscapes that carve habitat 
into smaller and smaller fragments separated by uninhabitable areas.  In extreme cases, prairie dog 
colonies are completely bounded by urbanization.  Connectivity is particularly important for prairie 
dogs because colonies suffer high probabilities of extirpation by plague, and dispersal permits 
recolonization.  Here I explore connectivity of prairie dog populations using analyses of 11 
microsatellite loci for 9 prairie dog colonies spanning the fragmented landscape of Boulder County, 
Colorado. Isolation-by-resistance modeling suggests that wetlands and high intensity urbanization 
limit movement of prairie dogs. However, prairie dogs appear to move moderately well through low 
intensity development (including roads) and freely through cropland and grassland. Additionally, 
there is a marked decline in gene flow between colonies with increasing geographic distance, 
indicating isolation by distance even in an altered landscape.  These results suggest that prairie dog 
colonies retain some connectivity despite fragmentation by urbanization and agricultural 
development.  
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Introduction 
 Wildlife populations are distributed discontinuously across the landscape, leading to varying 
degrees of spatial and genetic connectivity among populations. Through the burgeoning field of 
landscape genetics, we have gained a greater understanding of the natural barriers that structure 
populations and mediate gene flow across a landscape (e.g. Manel et al. 2003; Perez-Espona et al. 
2008; Spear et al. 2005).  Human alteration of the landscape further divides populations and may 
interrupt or redirect existing corridors among them (Collinge 2009). Features with demonstrated 
effects on the connectivity of populations include highways (Coulon et al. 2006), deforestation 
(Pavlacky et al. 2009), urbanization (Telles et al. 2007), agriculture (Levy et al. 2010) and dams 
(Beneteau et al. 2009). Furthermore, landscape changes can alter migration corridors (Antonio et al. 
2007), create asymmetrical gene flow (Barrowclough et al. 2004), or decrease the magnitude of gene 
flow without altering its direction (Goverde et al. 2002). With an increasing percentage of global land 
being converted to agriculture (34%; Ramankutty et. al 2008) and urban sprawl (increasing twice as 
fast as human population growth; DeCoster 2000), many species encounter complex human-
modified landscapes.  Depending on dispersal ability of the organism, genetic connectivity of 
different species will be influenced to varying degrees by each form of habitat alteration.  
 Population connectivity in black-tailed prairie dogs (Cynomys ludovicianus, hereafter “prairie 
dogs”), a social mammal important in prairie ecosystems, was historically maintained by their 
occurrence in large, continuous swaths of grassland.  In natural landscapes, dispersal among colonies 
probably happens every generation, can occur over relatively large distances, and likely employs 
corridors such as dry creek beds or ravines (Garrett and Franklin 1988; Roach et al. 2001). In the last 
200 years, the occupied range of prairie dogs has declined by over 99% (Miller and Cully 2001) from 
the combined actions of land conversions, eradication campaigns, and extirpation by sylvatic plague.  
Consequently, prairie dog populations (equivalent to colonies for the purpose of this paper) in many 
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places now occupy discrete patches of grassland surrounded by a matrix of uninhabitable land 
including urban sprawl, agricultural fields and hay fields (Johnson and Collinge 2004).   
 Landscapes in which colonies are mostly bounded by urban or agricultural land may inhibit 
inter-colony movement of animals, and such conditions can accelerate inbreeding and prevent 
recolonization if the colony is extirpated; however, these landscapes may also limit the spread of 
diseases that can move through well-connected systems (Hess 1996).  Conversely, landscapes that 
support well-connected colonies most closely resemble the native conditions for prairie dogs and 
presumably limit localized inbreeding; nonetheless, well-connected colonies may be prone to 
colonization by pathogens (Hess 1996; Jesse et al. 2008; Lopez et al. 2005; Trudeau et al. 2004) such 
as the plague pathogen Yersinia pestis.  Pathogens may experience different influences on connectivity 
than a host if the pathogen has multiple modes of dispersal (Jones and Britten 2010), but pathogens 
and parasites that rely on their hosts for dispersal (Brinkerhoff et al. 2011), such as flea transmission 
of Y. pestis (Stapp et al. 2009), will be influenced by similar constraints on connectivity as their hosts.   
 Recent plague events in Boulder County, Colorado (in 2005-2009, confirmed by the Centers 
for Disease Control and Prevention) were more geographically restricted than in the past, spreading 
through the county over the course of several years (Boulder Open Space and Mountain Parks, 
unpublished data), possibly due to the disruption of migration corridors caused by urbanization.  In 
natural habitats and in urbanized landscapes, extirpated colonies are re-colonized within a few years 
(Roach et al. 2001; Antolin et al. 2006).  However, if urbanization and other types of land alteration 
restrict movement of prairie dogs, re-colonization from a smaller number of source colonies may 
result in founder effects (Templeton 2006) and inbreeding.  If movement is limited, the increase in 
colony isolation due to plague extirpation may be amplified in an altered landscape such as Boulder 
County, where humans and prairie dogs share a mosaic of different habitat types.  Urbanization that 
isolates colonies (Magle et al. 2010) may disrupt connectivity; in contrast, habitat conversion to 
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agriculture may facilitate dispersal due to increased vegetation cover or by providing refuge from 
predators.  Here I develop a model for the connectivity of black-tailed prairie dog colonies in a 
complex landscape by integrating the habitat matrix with estimates of genetic similarity among 
colonies across Boulder County.  I show clear effects of various landscape characteristics and 
demonstrate that there may be a complex network of corridors that facilitates connectivity among 
prairie dog colonies, with different forms of landscape alteration contributing to connectivity in 
distinct ways.  Finally, I discuss how interrupted connectivity in complex landscapes may contribute 
to metapopulation dynamics in the context of pathogen-mediated extinctions. 
 
Methods 
Genotyping and estimating differentiation among colonies 
 The genetic analysis focused on ten colonies located throughout Boulder County (Table 4.1) 
with relatively large sample sizes.  Of the 1200 ha of land occupied by prairie dog colonies in 
Boulder County, study colonies were chosen to represent populations bounded by varying degrees 
of urbanization (Johnson and Collinge 2004) and surrounded by a range of habitat matrix types 
(Figure 4.1).  Sampled colonies were separated by pairwise distances varying from 1.5-36 kilometers.  
No attempt was made to sample at regular spatial intervals; instead, colonies were selected based 
upon their surrounding habitat matrix. Eight of the ten colonies were affected by plague in 1994, as 
determined by local plague records kept by land and wildlife managers (Collinge et al. 2005).  Prairie 
dog trapping and processing were conducted in accordance with protocols approved by the 
University of Colorado’s Institutional Animal Care and Use Committee and are described in detail 
therein (available upon request).  For each of the ten colonies sampled, 49 Tomahawk traps were set 
on a 150 x 150 meter grid in the approximate center of the colony and pre-baited with a corn-oat-
barley mixture for five days with the traps held open.  After pre-baiting, traps were baited, set, and 
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left for three hours at a time for the course of a week.  Captured prairie dogs were temporarily 
immobilized using isoflurane anesthesia while blood, fleas, and ear tissue were collected.  One half 
milliliter of blood was collected from the femoral vein, and tissue was obtained by clipping ½ cm 
from the outer edge of the ear.  Both adult and juvenile prairie dogs were processed, but for animal 
safety reasons, blood was not obtained from juveniles under 300g.  When each animal had recovered 
from anesthesia, it was released at the trap location where it was captured.  
 
Table 4.1.  List of colony names and their locations, area and population densities.  Population 
density is based on visual counts averaged from 2003 and 2004.  Colony 20 was excluded from IBR 
analysis due to its relocation history. 
 
Colony number Latitude Longitude Area (hectares) Density (prairie 
dogs/hectare) 
1 40.24454 -105.227273 190.46 64 
2 40.21930 -105.310418 22.59 36 
3 39.93955 -105.096410 153.43 31 
5 40.15440 -105.252508 132.53 11 
6 39.91218 -105.180573 19.09 14 
9 40.01136 -105.191460 16.18 36 
15 40.10811 -105.210192 42.50 42 
19 40.10466 -105.276360 201.21 27 
20 39.92067 -105.220905 24.10 17 
106 40.02252 -105.180065 22.26 19 
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Fig. 4.1 Map of Boulder County showing land cover types (data from the National Land Cover 
Database 2001) and location of prairie dog colonies used to establish nodes for Circuitscape (in 
black) and sites for which we determined multilocus microsatellite genotypes (indicated with 
numbers). 
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 Tissue samples collected during 2003 and 2004 were stored until extraction at 4°C in a 
solution of EDTA and DMSO.  DNA extraction was performed using a Qiagen Tissue kit 
according to protocol, and extracted DNA was stored at -80°C until genetic analysis.  DNA from 
557 Boulder County prairie dogs was amplified at 11 microsatellite loci by polymerase chain reaction 
(PCR) (Jones et al. 2005).  PCR products were analyzed on a LICOR 4200 sequencer and genotypes 
determined using GeneImagIR software.  I estimated error rates by repeating amplifications and 
genotyping for approximately 10% of the data.  Because a population of prairie dogs consists of 
overlapping generations and I did not expect genotype frequencies to change in one year, all samples 
for each colony sampled in 2003 and 2004 were pooled.  Animals recaptured in multiple years were 
typed only once.  Tests of Hardy-Weinberg expectations were carried out using Arlequin (Schneider 
et al. 2000).  Colony heterozygosity was calculated using Microsatellite Analyzer (Dieringer and 
Schlotterer 2003).  
 I estimated migration between pairs of colonies using assignment methods implemented in 
GeneClass (Piry et al. 2004) under two scenarios: one in which resident and migrant classification 
were based on assignment test values (assuming an individual was born in the colony it was assigned 
to with highest log likelihood), and one in which I tested for migration in the previous one or two 
generations using 10,000 MCMC replications and a threshold value of 0.01; that is, if individuals 
assigned to the sampled colony with probability less than 0.01, they were inferred migrants (Paetkau 
et al. 1995; Paetkau et al. 2004).  
 
Models of prairie dog movement potential 
 Landscape features may influence gene flow among populations by affecting dispersal rates; 
therefore, models more robust to spatial heterogeneity than simple isolation-by-distance (IBD) 
measures are required (McRae 2006).  I used an isolation-by-resistance (IBR) approach (McRae 
 72 
2006; McRae and Beier 2007; McRae et al. 2008) for predicting demographic connectivity among 
prairie dog colonies in the complex landscape of Boulder County. IBR predicts a positive 
relationship between genetic differentiation and the resistance distance, a distance metric that 
exploits relationships between the distances among populations and the ecological resistance 
estimated during simulated random walks (McRae 2006).  IBR is conceptually similar to the least 
cost path (LCP)-based distance approach, but allows for the possibility of multiple pathways of 
connectivity, and pathways of varying width (McRae and Beier 2007), and therefore offers a more 
biologically realistic scenario of individual movement among populations. IBR is robust to violations 
of certain assumptions, including that of migration-drift equilibrium (McRae and Beier 2007). 
  IBR is based in electric circuit theory, analyzing a landscape as if it were a circuit board and 
treating organisms (and therefore gene flow) as electrical current.  IBR calculates the resistance 
distance by simultaneously considering all possible pathways connecting population pairs (McRae 
and Beier 2007), creating a theoretical “circuit board”.  Populations (in this case, colonies) are 
represented as sources or grounds, while the landscape matrix is composed of a raster grid of values 
that correlate to relative conductance or resistance values associated with landscape features.  
Conductance or resistance values are fitted to the observed genetic relationships among populations 
(e.g. pairwise FST values) through simulation, with fits constrained by known species-habitat 
associations (McRae 2006).  For example, higher conductance values are assigned to landscape cells 
that are known to contain preferred habitat for dwelling or dispersal (e.g. grassland), and lower 
conductance values are assigned to cells known to contain habitat that is not preferred or that 
inhibits dispersal (e.g. water).  Using the program Circuitscape, IBR can be analyzed by estimating 
the resistance encountered along all possible paths (circuits) among colonies (current sources or 
grounds). The result is that better, more numerous and/or wider pathways between nodes reduce 
the resistance distance separating them.  IBR analysis provides a flexible and efficient tool to 
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understand effects of landscape features on genetic structure, and to predict genetic and 
evolutionary consequences of landscape change.  
 In this study, I modeled gene flow among 10 prairie dog colonies, out of 369 known 
colonies located in Boulder County. Colonies were represented by their polygon centroids as single 
raster cells (30 x 30 meters) in ASCII format.  Using the National Land Cover Data (NLCD) 2001 
layer obtained from USGS, which extended beyond the area of sampled prairie dog colonies, we 
assigned estimated conductance values to the 15 classes of land cover found within the study area 
(Figure 4.1; Homer et al. 2004).  After condensing functionally similar land types into eight single 
classes (e.g., forest and shrubland), I used a hierarchical approach in which I evaluated 128 initial 
models representing all possible combinations of eight land cover types in two conductance 
categories, with each landscape variable (Table 4.2) initially assigned a conductance value—or ease 
of prairie dog movement—of either 100 (low resistance, e.g. movement within prairie dog colonies) 
or zero (“infinite resistance”).  For all models, the land use types in which prairie dog colonies were 
sampled (grasslands and barren land) were included in the high conductance category (failure to 
include these habitat types in the high conductance, C=100 category resulted in infinite resistance 
between prairie dog colonies) and lakes were included in the low conductance, C = 0 category (since 
we know prairie dogs do not inhabit or move across lakes).  
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Table 4.2.  List and descriptions of National Land Cover Database (NLCD) land classes used in 
Circuitscape resistance model (adapted from Homer et al. 2004). 
 
NLCD LAND CLASSES 
Code Title (assigned class) Description 
LR Lakes and Reservoirs (1) open water bodies 
LID Developed, Low 
Intensity (2) 
impervious surfaces such as roads and suburban environments 
MID Developed, Medium 
Intensity (3) 
most commonly include single-family housing units and 
surrounding areas 
HID Developed, High 
Intensity (4) 
highly developed areas where people reside or work in high 
numbers (e.g. apartment complexes, row houses and 
commercial/industrial where impervious surfaces account for 80 
to 100 percent of the total cover) 
HW Emergent Herbaceous 
Wetlands (5) 
areas where perennial herbaceous vegetation accounts for greater 
than 80 percent of vegetative cover and the soil or substrate is 
periodically saturated with or covered with water 
WW Woody Wetlands (5) areas where forest or shrubland vegetation accounts for greater 
than 20 percent of vegetative cover and the soil or substrate is 
periodically saturated with or covered with water 
DOS Developed, Open Space 
(6) 
areas that included large-lot single-family housing units, parks, 
golf courses, and vegetation planted in developed settings for 
recreation, erosion control, or aesthetic purposes 
DF Deciduous Forest (7) areas dominated by trees generally greater than 5 meters tall, and 
greater than 20% of total vegetation cover 
EF Evergreen Forest (7) areas dominated by trees generally greater than 5 meters tall, and 
greater than 20% of total vegetation cover 
MF Mixed Forest (7) areas dominated by trees generally greater than 5 meters tall, and 
greater than 20% of total vegetation cover, deciduous or 
evergreen species accounting for less than 75 percent of total tree 
cover 
SS Shrub/Scrub (7) areas dominated by shrubs 
BL Barren Land (8) areas of bedrock, desert pavement, scarps, talus, slides, volcanic 
material, glacial debris, sand dunes, strip mines, gravel pits and 
other accumulations of earthen material 
CC Cultivated Cropland (8) areas used for the production of annual crops, such as corn, 
soybeans, vegetables, tobacco, and cotton, and also perennial 
woody crops such as orchards and vineyards, and land that is 
actively tilled 
GH Grasslands/Herbaceous 
(8) 
areas dominated by grasses 
PH Pasture Hay (8) areas of grasses, legumes, or grass-legume mixtures planted for 
livestock grazing or the production of seed or hay crops, typically 
on a perennial cycle 
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 After determining the ten best models in the initial step, I iteratively refined the models by 
adding additional intermediate conductance categories (varying degrees of prairie dog movement) to 
which I assigned land cover types that did not clearly fall into either conductance category in the ten 
best models (e.g., developed open space).  The approach of increasing complexity in subsequent 
models (as in Lee-Yaw et al. 2009) allowed me to isolate the effects of one land class at a time by 
assessing the change in model fit after changing its conductance.  A total of 203 models were 
evaluated; among the tested models were those that assigned low conductance values to heavy 
urbanization, as inferred by Magle et al. (2010), and higher conductance values to low-intensity 
development, with small roads potentially acting in a similar facilitative fashion to dry creek beds 
(Roach et al. 2001).  Prairie dog colonies were mapped with Geographic Information System (GIS) 
tools such that colonies surrounded by heterogeneous land cover were treated as nodes surrounded 
by discrete areas with varying resistance.  Circuitscape was run in pair-wise mode (i.e. testing each 
colony's connection to every other colony), using a connection scheme where gene flow was allowed 
between the neighboring 8 cells (through the creation of 8 undirected edges). The edge conductance 
between any two grid cells (nodes) was based on the average of the conductance (on a scale of 0 to 
100) assigned to each cell; thus, both nodes and edges were set as conductive.  Resistance distance 
matrices output for each model were compared to pair-wise normalized FST values for the 9 colonies 
using partial Mantel tests (controlling for the effects of geographic distance) implemented in the 
Vegan package for R (The R Foundation for Statistical Computing, http://www.r-project.org/). 
 Finally, using historic records of prairie dog relocation, I assessed whether relocation 
influenced genetic structure of prairie dog colonies in our system. Relocation has the potential to 
interfere with inferences based on genetic differentiation, and because it is a common management 
strategy in many systems, it is important to assess its effect on these inferences. One relocation event 
in 1996 totaling 100 individuals involved one of the study sites (20) as a destination; six additional 
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events from 1995-2001 moved 1008 animals to colonies within two kilometers of this site (data from 
City of Boulder Open Space and Mountain Parks). Therefore, I re-ran all of our models with this 
colony excluded to determine whether relocation influenced connectivity estimates.  Several smaller 
scale relocation events placed prairie dogs (average = 38 per event) in colonies within two kilometers 
of two other study sites (1 and 3), so I also re-ran our models with these colonies excluded. 
 
Results 
Genetic differentiation 
 Genetic effects of relocation could not be detected in colonies 1 or 3.  However, I did detect 
a signal of relocation in colony 20, the destination of a large relocation effort from 1995-2001.  
Although one-month survival rates in mid-autumn averaged only 21.2%, re-running the models with 
this colony excluded improved model fit markedly. Furthermore, excluding this colony from a 
Mantel test of isolation by distance reversed the pattern (no isolation by distance with colony 20 
included, r=0.1004, p=0.279) to one of significant isolation by distance (r=0.3654, p=0.033). 
Therefore, I removed this colony from analyses of connectivity, and all reported values exclude this 
colony. 
 I obtained samples from 557 prairie dogs in 10 colonies (mean 56, range 35-87).  After 
omitting colony 20 from analyses of connectivity because of its history of relocation, 510 individuals 
in 9 colonies remained. For the eleven loci surveyed, the number of alleles per locus ranged from 6 
to 14, with a mean of 9.3.  All pair-wise FST comparisons among the 10 colonies were significant.  
Values ranged from 0.0588 to 0.194; average pair-wise FST was 0.109 (Table 2.3).  Average 
heterozygosity within colonies ranged from 0.595 to 0.767 (Table 3); across all colonies average 
heterozygosity was 0.663. Removing colony 20 had no noticeable effect on average FST, global allele 
frequencies or average heterozygosity.  Observed heterozygosities were similar to Hardy-Weinberg 
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expectations, with the exception that locus C116 showed a deficiency of heterozygotes in 3 colonies 
(6, 9, and 20). This locus was the most variable, suggesting that the departure from HW expectations 
may reflect the presence of null alleles. Because null alleles do not appreciably affect estimates of 
migration among colonies (Hauser et al. 2006), we included this locus in our analyses.  There was no 
evidence of null alleles at other loci.  Based on re-typing of 10% of our data, the estimated 
genotyping error rate was 2.8%; errors were approximately randomly distributed across loci and 
individuals. 
 
Table 4.3.  Linearized FST values (above diagonal) and heterozygosity (along diagonal). Average 
number of individuals scored for the 11 loci is provided in parentheses below colony number. 
 
 1 
(61) 
2 
(67) 
3 
(59) 
5 
(37) 
6 
(48) 
9 
(57) 
15 
(35) 
19 
(87) 
20 
(47) 
106 
(46) 
1 0.714 0.103 0.064 0.093 0.07 0.136 0.133 0.083 0.061 0.125 
2  0.610 0.122 0.109 0.123 0.194 0.119 0.075 0.116 0.183 
3   0.767 0.111 0.049 0.095 0.119 0.106 0.064 0.097 
5    0.652 0.107 0.131 0.108 0.059 0.091 0.133 
6     0.682 0.116 0.107 0.089 0.062 0.112 
9      0.595 0.142 0.134 0.063 0.054 
15       0.660 0.097 0.1 0.129 
19        0.670 0.096 0.141 
20         0.659 0.077 
106          0.614 
 
 Evaluation of connectivity models assumes that animals move across the landscape; 
therefore, I tested this assumption by estimating the fraction of sampled individuals from a colony 
inferred to be migrants using Bayesian assignment methods implemented in GeneClass (Piry et al. 
2004). Using a relaxed criterion for assigning individuals to particular colonies (namely that 
individuals were assumed to be born in the colony to which it was assigned with the highest log 
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likelihood), a total of 70 out of 557 individuals surveyed were inferred migrants. When I used a more 
stringent criterion for estimating migration between colonies (assuming a threshold value for 
assignment as resident of 0.01), 22 individuals were inferred migrants. Because I did not sample all 
colonies across Boulder County, I could not confidently assign whether the inferred migrants moved 
between sampled colonies; nonetheless, these results support the assumption that prairie dogs move 
across the landscape of Boulder County.  
 
Explaining connectivity among colonies: evaluating models 
 My general approach was to use IBR models for estimating connectivity and to choose 
among the many possible models using partial Mantel correlations between the estimated 
connectivity and the degree of genetic differentiation among colonies. For each test of a particular 
model, I controlled for the effect of log-transformed geographic distance because there was a 
significant effect of geographic distance on the degree of genetic differentiation between colonies 
(Mantel test, r = 0.3654, p = 0.033).  Of the models evaluated for the two conductance categories (0 
and 100), there were some that provided good explanations of the estimated genetic differentiation 
among colonies; in particular, there were 11 significant (p<0.01) models with high correlation 
coefficients (r > 0.6). Typically, the step-wise addition of habitat types to the resistant (C=0) 
category initially improved the explanation of the estimated genetic distance between populations 
followed by a steep decline in model fit (Figure 4.2); when all habitat types except type 8 (grassland, 
barren land, pasture/hay and cropland) were resistant to movement, the model explained the 
estimated genetic differentiation poorly (r = -0.2201, p = 0.93). The simplest model that was among 
the eleven best models included only two habitat types that acted as barriers to conductance: lakes 
(type = 1) and wetlands (type = 5) (Table 4.4).  
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Fig. 4.2 Model fit (r value) based on the number of habitat classes in the infinite resistance category.  
Each subsequent model represents the previous model plus one additional land class; the best model 
for each number of land classes is represented. Because we observe genetic connectivity among 
colonies in Boulder County, models allowing movement through few land cover types provide poor 
explanations of the degree of genetic differentiation. 
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Table 4.4. Model scores for stepwise addition of variables to a particular conductance class. 
Representative models are shown from two sets of models evaluated with respect to the number of 
conductance categories (4 conductance categories not shown). Landscape features: 1 = lakes and 
reservoirs; 2 = low intensity development; 3 = medium density development; 4 = high intensity 
development, 5 = wetlands; 6 = developed open space; 7 = forest (all types included), shrubs; 8 = 
grassland, pasture/hay, cropland, barren land.  Model 5, the simplest model with good fit, is 
indicated in bold for comparison.  
 
 Conductance categories = 2 
Model C = 0 C = 100 r p 
N0  1,2,3,4,5,6,7,8 -0.277 0.972 
N1 1 2,3,4,5,6,7,8 0.2523 0.089 
N5 1,5 2,3,4,6,7,8 0.6835 0.001 
N20 1,5,4 2,3,6,7,8 0.6870 0.001 
N55 1,5,4,6 2,3,7,8 0.6701 0.001 
N85 1,5,4,6,3 2,7,8 0.6103 0.002 
N100 1,5,4,6,3,2 7,8 -0.2201 0.926 
N121 1,5,4,6,3,2,7 8 -0.2201 0.930 
 
 Conductance categories = 3 
Model C = 0 C = 25 C = 100 r p 
N5 1,5  2,3,4,6,7,8 0.6835 0.001 
N142 1,5 2 3,4,6,7,8 0.6916 0.001 
N147 1,5 2,4 3,6,7,8 0.6910 0.003 
N154 1,5 2,4,6 3,7,8 0.6885 0.001 
N171 1,5 2,4,6,3 7,8 0.6810 0.001 
N5 1,5  2,3,4,6,7,8 0.6835 0.001 
N145 1,5 6 2,3,4,7,8 0.6905 0.002 
N150 1,5 6,3 2,4,7,8 0.6915 0.003 
N155 1,5 6,3,4 2,7,8 0.6865 0.002 
N171 1,5 6,3,4,2 7,8 0.6810 0.001 
 
 
 In all but one of the models with more than two conductance categories (N=24 models), the 
correlation between genetic differentiation and resistance increased, although the magnitude of 
increase relative to the two conductance class models was slight (Table 4.4). Nonetheless, when the 
habitat categories with roads (namely 2 and 6) were moved from high to low conductance, there was 
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an improvement in model performance, suggesting roads may reduce (but not eliminate) 
connectivity.  Similarly, when medium and high intensity development (namely suburbanization and 
urbanization) were included in the lower conductance category (C = 25), there was a modest 
increase in the correlation coefficient, suggesting that buildings (and associated landscape features) 
inhibit prairie dog movement, although the magnitude of effect is much smaller than the estimated 
effects of lakes and wetlands. Placing both road types in the infinite resistance category resulted in 
the worst models (r < 0, p > 0.9).  Including an additional conductance category (C = 0, 25, 60 and 
100) did not notably improve model performance.  
 Of the many models that yielded roughly equivalent explanations of genetic differentiation, I 
selected two for visualization. The model with only lakes and wetlands in the C = 0 category (model 
N5) is perhaps the most defensible model because it involves postulating the fewest habitat features 
as barriers to prairie dog movement (Figure 4.3a). I also chose to visualize the model with roads 
(LID = 2 and OS = 6, model N148) in the low conductance (C = 25) category (Figure 4.3b). These 
models demonstrate that much of the land near where colonies occur is characterized by high 
connectivity, but colonies are separated from other populations by land cover allowing less 
movement.  For instance, in model N148 (Figure 4.3b), the City of Boulder (directly west of the 
“blue zone”), which consists of numerous small roads, appears as a moderate barrier to movement. 
Roads in the northeastern portion of the county appear as light blue lines inhibiting dispersal across 
them.  A model with suburbanization and urbanization (MID = 3 and HID = 4, model N158) in the 
C = 25 category was not noticeably different than the simple model (model 5).  The degree of 
similarity between models N5 and N158 showed that modification of the landscape by urbanization 
had little influence on inferred connectivity.   
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Fig. 4.3 Heat maps of inferred connectivity of prairie dogs across Boulder County based on models 
from Circuitscape: a) the simplest model with good fit (model 5; r=0.6835, p=0.001); b) a model 
with roads at low conductance (model 148; r=0.6894, p=0.001); black represents prairie dog 
colonies, brighter colors indicate greater connectivity, blue indicates no connectivity. 
 
a) 
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b) 
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 Overall, the set of best models of prairie dog connectivity (or conductivity) for Boulder 
County exhibited several features.  First, there were several “islands” where colonies were relatively 
isolated from all other colonies; especially the northernmost colonies (e.g., model N148, Figure 
4.3b). Second, the county was bisected into a northern and southern section by a large swath of area 
in the center of the county with very low probabilities of movement (i.e. the “blue zone”; Figure 
4.3).  The blue zone included lakes and a perennial stream (Boulder Creek), and surrounding 
wetlands that trend west to east. Third, roads in the eastern part of the county appeared as barriers 
or areas of low connectivity, but in other places, roads (and the strip of grassland along the edges of 
roads) appeared to be corridors of connectivity, especially across wetlands.  
  
Discussion 
 My estimated maps of connectivity among prairie dog colonies within Boulder County 
provide evidence for a network of corridors that connect colonies separated by wetlands and 
urbanization. To test the effects of roads on connectivity, I moved the land types with roads 
(developed open space and low intensity development) from a high to low conductance category; 
the resulting models provided better estimates of the degree of genetic differentiation, suggesting 
that roads may inhibit movement. However, moving roads to a zero conductance category resulted 
in very poor models.  One explanation is that roads may have contradictory effects depending on 
context. In some cases, roads may facilitate movement because open space along the margins of 
roads may provide an easy means of movement. Remarkably, prairie dog colonies often exist in the 
median of highways, completely bounded by busy roads, an observation underscoring that prairie 
dogs do manage successful crossings of major roads. In other contexts, roads may inhibit 
movement, especially relatively large roads that dissect the County. Furthermore, perpendicular road 
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crossings and parallel road corridors running in the direction of prairie dog movement may exhibit 
potentially contrasting influences on connectivity.   
 The overall inhibitory effect of roads on prairie dog movement has implications for the 
spread of plague among populations, as well as subsequent recolonization of extirpated colonies.  
The existence of roads likely suppresses prairie dog mediated movement of Y. pestis among colonies 
(Collinge et al. 2005).  This hypothesis is consistent with the restricted geographic distribution and 
slower spatial spread that characterized the most recent plague outbreak in Boulder County (Boulder 
Open Space and Mountain Parks, unpublished data).  However, once populations are extirpated, the 
existence of roads could slow the recolonization process, limit the number of source populations, or 
prevent colonies from being recolonized altogether.  Colonization from few sources is predicted to 
lead to founder effects and inbreeding (Templeton 1980).  If extirpated populations are unable to be 
recolonized, the species may go locally extinct.  The concomitant suppression of extinction and 
recolonization suggests that intermediate degrees of connectivity may lead to persistence of 
metapopulations where a virulent pathogen extirpates populations (via moderate barriers slowing the 
spread of the pathogen while still allowing sufficient recolonization). 
 These results provide a foundation for further refinement of various models of connectivity, 
which can be assessed with data from a large number of populations.  For instance, the effects of 
roads could be estimated directly by sampling on either side of multiple types of roads (e.g., divided 
vs. undivided highways, dirt roads, and roads running parallel vs. perpendicular to potential dispersal 
corridors).  Landscape modifications may change the direction or overall length of corridors, leading 
to gene flow patterns that are altered in magnitude (Riley et al. 2006; Templeton et al. 2007) or 
direction (Moore et al. 2008; Spear and Storfer 2010).  In fact, estimates of the number of effective 
migrants in our system are an order of magnitude lower than those inferred using similar methods in 
the natural landscape of the nearby Pawnee National Grasslands (Roach et al. 2001).  Therefore, it is 
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important to note that in altered landscapes, the magnitude of dispersal can be dramatically lower 
than in natural landscapes.  Understanding the magnitude and direction of prairie dog movement 
will allow us to better predict when populations may be prone to invasion by Y. pestis, and to control 
plague outbreaks in areas of concern.  For instance, knowledge of the most widely used habitat types 
for dispersal could allow for quarantine of infected populations, culling to prevent cross-species 
transmission or human exposure, or flea dusting of colonies located on dispersal corridors from 
infected populations.  Furthermore, knowledge of dispersal corridors in a complex landscape could 
lead to predictions of the speed, spatial extent and pattern of local extinctions within a 
metapopulation that experiences extirpations in a non-random, spatial context (e.g., when 
extinctions are caused by a transmissible disease). 
 One challenge to evaluating models in the immense parameter space inherent in complex 
landscapes is that there are a large number of potentially suitable models.  The more complex the 
landscape, the more data are required to distinguish among potential hypotheses.  In systems with a 
high degree of gene flow, data from many populations are likely needed to discern the effects of 
different combinations of land cover conductance (for example, low conductance for OS and high 
conductance for LID versus the opposite).  I have restricted my search through the parameter space 
to a limited number of land cover conductance combinations with potentially large effects, in 
keeping with the modest dataset on population genetics.  In some cases, estimates of genetic 
differentiation among nine colonies were not sufficient to choose among very different models of 
connectivity. For instance, correlation coefficients of models with high-intensity urbanization 
allowing high conductance (e.g., Model 142, r = 0.6916) or providing high resistance (Model 169, r 
= 0.6906) were very similar, suggesting the effect of HID development on connectivity is very small. 
While this may be true, it is more likely that the lack of effect of HID reflects the location of 
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sampled colonies, and sampling a set of colonies around HID may provide a stronger signal. 
Nonetheless, urbanization, by itself, does not appear to strongly inhibit prairie dog movement.  
 An additional consideration in estimates of population connectivity is whether humans have 
managed those populations.  Breeding programs and relocation are common management practices 
for many wildlife populations, and both have the potential to change genetic structure in a 
landscape.  Our results, which inferred that one colony was affected by relocation practices, 
demonstrate the importance of explicitly addressing the effects of relocation on inferences drawn 
from genetic structure of populations.  Many studies ignore the potential effects of management 
actions on population structure, but it is important to address human sources of genetic structure as 
they become increasingly common. 
 Prairie dogs in Boulder County inhabit an increasingly modified grassland environment that 
is carved into patches of grassland separated by urbanization, agriculture, and other land uses.  As in 
most landscapes, some populations are more isolated than others by landscape features (e.g., roads 
and rivers) and changes in land cover (e.g. from grassland to agriculture or forest).  Isolated colonies 
may also contribute to preserving regional genetic diversity (Templeton 2006) and be more insulated 
from the spread of pathogens such as Y. pestis (Collinge et al. 2005; Hess 1996).  However, colonies 
that evolve in greater isolation may lose genetic variation over time, be more subject to genetic drift 
that overwhelms selection, accumulate deleterious mutations, or diverge from other populations 
(Templeton 2006).  Thus, if roads isolate prairie dog colonies, they may be more protected from 
plague; however, they may see a concomitant loss of genetic diversity because of reduced 
recolonization.  It is important to consider the mechanisms that contribute to isolation in certain 
populations, and how isolated populations may contribute to evolution of the species (e.g., 
Templeton et al. 1990; Wright 1931) and disease transmission among populations.   
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Conclusions  
 The conceptual approach of landscape resistance modeling is a useful means of inferring 
how various land cover types affect an organism’s ability to move from one population to another, 
with implications for trafficking of diseases such as sylvatic plague.  Prairie dog connectivity in a 
complex landscape matrix is sustained by pasture, cropland and small roads, but impeded by large 
highways and heavy urbanization.  Dispersal corridors among populations may promote the spread 
of pathogens, but they are critical to maintain genetic diversity within populations and to allow for 
re-colonization of extirpated demes.  An intermediate degree of connectivity (both in terms of 
distance to nearest population and number of connected colonies) may be ideal in systems where a 
virulent pathogen periodically extirpates populations, such that disease transmission among 
populations is slowed, but recolonization is not hampered.  The impacts of human alteration of 
natural landscapes change connectivity in complex ways (Collinge 2009; Storfer et al. 2010), thereby 
influencing which populations are connected to each other.  Thus, understanding how various 
landscape matrices influence connectivity of different species will inform strategies for preserving 
and managing these corridors.  Maintaining some degree of connectivity in complex, human-altered 
landscapes is crucial to the persistence of species across the globe, as an increasing percentage of 
land is converted to human uses such as urban centers and agriculture. Connectivity among 
populations allows recolonization to rescue extirpated populations, maintains genetic diversity 
within populations, and ultimately facilitates the long-term persistence of species. 
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Conclusion 
 Ecological and genetic evidence support the idea that Gunnison’s prairie dogs should be 
separated into two distinct subspecies.  However, redefining the subspecies delineation is necessary 
to aptly characterize the ecological and genetic diversity within the subspecies.  The argument for a 
monotypic subspecies (Pizzimenti 1975) appears to be flawed, based on several lines of evidence: 1) 
There is a high degree of genetic differentiation between subspecies, 2) reciprocal monophyly exists 
within clades, 3) genetic differentiation is higher between than within subspecies, and this is not an 
artifact of geographic distance, 4) the subspecies are morphologically distinct in body size (Hollister 
1916), 5) they occupy distinct habitats that influence the timing of emergence from hibernation, 
estrus and reproduction.  Further work on mate choice and fitness in various environments would 
be insightful. 
I find that the pathogen Yersinia pestis influences the spatial distribution of genetic diversity 
within a metapopulation of black-tailed prairie dogs and selectively eliminates individuals with the 
lowest degree of genetic diversity. My results suggest that although extirpations cause populations to 
lose or retain diversity depending on landscape context, plague and recolonization preferentially 
eliminate individuals with the lowest genetic diversity.  High genome-wide heterozygosity may offer 
protection against pathogens via overdominance at many loci involved in resistance to pathogens 
(e.g., MHC, Hughes and Nei 1988; signaling pathways central to immune response, Yang et al. 
2011).  Therefore, although the long-term response to the disease is unknown, sylvatic plague 
promotes genetic diversity within individual prairie dogs in our system.  These findings support the 
notion that genetic diversity is beneficial (Mattila and Seeley 2007; Johnson et al. 2006); more 
interesting, however, is the inference that virulent pathogens should drive an evolutionary increase in 
the genetic diversity of their hosts.  The genetic consequences of extirpations have implications for 
the way we understand host-pathogen coevolution (Nuismer and Doebeli 2004), the evolution of 
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virulence (Lenski and May 1994), and evolution of host resistance (Hughes and Boomsma 2007). 
The persistence of only the individuals with the highest genetic diversity may provide a path for the 
evolution of resistance, which requires the maintenance of genetic variation. 
 The fact that Y. pestis influences genetic structure of its host has global implications—in 
terms of both conservation and evolutionary theory—for host species’ adaptation to novel parasites, 
particularly in highly social mammals.  Introduced diseases exist on every continent (Best and Kerr 
2000; Gage and Kosoy 2005; Gardner et al. 1997; Levin et al. 2009; Russell et al. 2008; Senapin et al. 
2007; van der Putten et al. 2005), and host species’ persistence depends in part on how they respond 
to this novel selection pressure.  When virulent pathogens selectively eliminate individuals with the 
lowest genetic diversity, they prevent the success of these individuals due to stochastic processes, 
thereby promoting the retention of diversity within individuals and populations.  In this way, 
pathogens may actually increase the mean fitness of populations and increase their evolutionary 
potential. 
 Pathogens act in conjunction with other selective pressures to maintain diversity.  For 
instance, populations are connected to each other via dispersal corridors that are required for genetic 
variation to move among populations.  Connectivity among populations is influenced by the 
surrounding habitat matrix, which may be more complex in contemporary landscapes consisting of a 
medley of agricultural and urban use.  In black-tailed prairie dogs inhabiting a complex landscape 
matrix, connectivity matrix is sustained by pasture, cropland and small roads, but impeded by large 
highways and heavy urbanization.  Dispersal corridors among populations may promote the spread 
of pathogens, but they are critical to maintain genetic diversity within populations and to allow for 
re-colonization of extirpated demes.  An intermediate degree of connectivity (both in terms of 
distance to nearest population and number of connected colonies) may be ideal in systems where a 
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virulent pathogen periodically extirpates populations, such that disease transmission among 
populations is slowed, but recolonization is not hampered.   
 In the case of Gunnison’s prairie dogs, abiotic habitat characteristics (namely, temperature) 
are associated with genetic divergence between the two subspecies.  Although it is not yet clear 
whether climate itself promotes divergence or divergence is merely a result of allopatry, constraints 
on duration of female reproductive receptivity and size-biased female mate choice may play a role in 
divergence.  Therefore, at the phylogenetic scale, abiotic selection pressures may be particularly 
important in facilitating divergence within and among species.  At the regional scale, pathogens can 
interact with landscape and host characteristics to influence the distribution of host genetic diversity 
within species.  It will be instructive to determine whether and under what circumstances pathogens 
can drive divergence among species due to differential responses to infection and mate preference, 
for instance, for individuals in better body condition or with behavioral defenses to pathogen.  
Finally, as we continue to learn more about the specific types of selection acting on species 
divergence (e.g., pollinator shifts, predation avoidance, and climate), we will begin to develop theory 
about which types of selection facilitate divergence that will contribute to our understanding of the 
diversity of life on earth. 
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